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Abstract 
Blends of Poly(ethylene Terephthalate) with Bisphenol-A-Polycarbonate 
The objective of the study was to determine the extent to which bisphenol-A- 
polycarbonate (PC) influences the rheology, processing behaviour and subsequent 
crystallinity and mechanical properties of poly(ethylene terephthalate) (PETP) in the 
'compatible' region, when the polycarbonate is the minor blend component. Also, 
further characterisation of this blend system, in terms of miscibility and micro- structure 
development was required. 
After careful drying in a desiccant-type hopper drier melt-phase, blending was carried 
out using a twin-screw extruder with a purpose-designed screw configuration. Blends 
were made up at three levels (PETP/PC); 85/15,80/20 and 75/25 using three different 
molecular weights of PC, and virgid-materials were also included in the study The 
extrudates were then dried and injection moulding was carried out under various 
conditions, which were chosen to modify the degree of order in the crystallisable 
phase. 
The effects of PC on the shear-flow behaviour of the blends was examined, and in 
general the PETP/PC 80/20 blends demonstrated lower shear viscosities than expected 
from additivity. Otherwise the shear flow behaviour was generally consistent with 
blend composition. 
Thermal analysis and crystallisation behaviour of the blends were investigated to 
determine the effects of PC on the crystallisability of the blend and the PETP T.. Solid- 
state isothermal crystallisation behaviour was studied using a modified thermal analysis 
technique. Crystallisation of the PETP portion of the blend was shown to be impeded 
by PC. 
A specific and rapid technique has been developed to determine depth-dependent 
orientation distributions Three dimensional analyses of birefringence were obtained for 
moulded plaques of various PETP/PC blends. The orientation distribution was in 
accordance with the flow pattern during processing and was noticeably planar in nature. 
However, the level of orientation in the mouldings investigated was very low. Thermal 
analysis and microscopy techniques indicate there is no evidence for miscibility in the 
blends. 
The effect of PC molecular weight and content on mechanical properties of the blend 
was investigated. Generally, the PETP/PC blends exhibited improved toughness, in 
terms of total energy absorbed, and the properties were influenced further by the degree 
of crystallinity. It has been shown that mechanical properties of the blend deteriorate 
rapidly when samples are stored for extended periods in water at 70'C. Due to the 
PET? portion in the blends crystallising, and hydrolysis, the samples pass into the 
brittle mode. 
The addition of PC to PETP was found to modify the thermoelastic behaviour. 
Addition of PC permits thermoelastic processing of PETP/PC blends over a wider 
temperature range than would be suitable for PETR Also, the addition of PC appears 
to accelerate the onset of strain-induced crystallisation in the PETR 
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1 Introduction 
1.1 General introduction 
Polymer blends are not new; more than thirty years ago styrene-acrylonitrile copolymer 
and a butadiene/acrylic graft copolymer were being alloyed to produce ABS. 
Commercial products have been based on both miscible (i. e. single phase) and 
immiscible blendsM. IýIiscible blends include: polystyrene and poly(phenyleneoxide), 
PVF2-PMMA, PVF27PEMA and PVC-nitrile rubber. Immiscible blends include: rubber 
blends in tyres and impact modified plastics. 
Due to the thermodynamic incompatibility(2) of Most polymers, polymer blends are 
usually simple physical heterogeneous (multiple phase) mixtures of the constituent 
polymers(3,4). The very small entropy gained by mixing different species of 
macromolecules means that polymer incompatibility is the general rule in blending. 
Nevertheless, the degree of incompatibility varies widely and is of tremendous 
importance to the morphology and to the ultimate properties of blends. Tobolsky(5) 
pointed out that the most interesting systems are those on the border-line of 
compatibility, composed of finely dispersed phases and combining in a non-linear 
synergistic way the physical properties of both polymers. 
The thermodynamic aspect of polymer-polymer mixtures is a most important 
fundamental element, since it plays a major role in the molecular state of dispersion, the 
morphology of two phase mixtures, the adhesion between phases, and consequently 
influences most properties and applications. 
The concept of appropriately combining two or more different polymers to obtain a new 
material with the desirable features of its constituents is not neW(4). Over the years, 
numerous systems based on the chemical combination of different monomers through 
random, block and graft copolymerisation methods have been developed with this goal 
in mind. Because they represent an attractive low cost alternative to the synthesis of 
entirely new macromolecules(6), polymer blends are receiving increasing attention from 
both the scientific and industrial communities. Blending can be used to modify the 
properties of a given polymer to extend its range of application or to tailor its properties 
to fit a specific requirement, thus creating new useful materialsPA). 
Blending of thermoplastics has long been used to improve the balance of properties 
sought for particular types of application s(9). Over the last decade particularly, polymer 
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blends research has developed rapidly as a way to meet new market applications with 
minimum development cost. This approach has not developed as it might have, in part 
because most physical blends of different high molecular weight polymers prove to be 
iscible. 
This characteristic, combined with the often low physical attraction forces across the 
phase boundaries, usually cause immiscible blend systems to have relatively poor 
mechanical properties. Despite this difficulty, a number of physical blend systems have 
been commercialized. 
Applications incorporating bisphenol-A-polycarbonate(IO) are well known and have been 
used for years because of the polymer's excellent clarity, mechanical and electrical 
properties. Recently, much work has been done to develop thermoplastic blends using 
a wide variety of polymers. The reasons for this interest include: enhanced 
mouldability, improved economics, improved physical properties and improved 
chemical resistance. 
Thermoplastic polyesters including bi sphenol-A-polyc arbon ate and polyethylene 
terephthalate represent a class of engineering plastics with excellent thermal resistance, 
chemical resistance, and mechanical properties, but they are subject to hydrolysisO I) and 
occasional brittleness. They are extensively used for injection moulded articles, 
synthetic fibres, films and blow-moulded containers. The heat distortion temperature 
and toughness of thermoplastic polyesters, such as polyethylene terephthalate, may be 
improved by blending with amorphous polymers such as polycarbonate. The majority 
of the blends of polyesters with related condensation polymers exhibit at least partial 
miscibility. 
Good mechanical properties observed for blends of polyethylene terephthalate and 
bisphenol-A-polycarbonate are no doubt a reflection of the favourable interactions that 
-cur between the two polymers at the molecular level, which make this system on the 
euge of complete miscibility(12). These mechanical properties plus the inherent chemical 
resistance PETP brings to blends with PC justifies current interest in this system. 
This work hopes to extend the research previously undertaken in the Institute of 
Polymer Technology and Materials Engineering which showed that PETP/PC 80/20 
blends exhibited generally superior properties when compared to the virgin polymers. 
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Murff, Barlow and Paul(12) showed that PETP/PC blends containing between 60 and 
80% PETP failed in tensile tests at higher strains than did the pure components. In fact 
they did not fail within the available crosshead travel corresponding to a strain of about 
200%. This result would suggest that blends in this composition range, in terms of 
their failure energy, have good energy absorbing characteristics and this will be 
investigated. 
No previous work has been undertaken on the effect of PC on the crystallinity of 
PETP. 
In this study, if it is shown that property improvements do occur, then the effect to 
which PC affects the rheology of PETP in the melt state and rubbery region will be 
investigated. 
1.2 Objectives 
To characterise the blend of polyethylene terephthalate and bisphenol-A-polycarbonate 
fully. Also to determine the extent to which bisphenol-A-polycarbonate influences the 
crystallinity, mechanical properties and rheology of polyethylene terephthalate when the 
polycarbonate is the minor component. 
i) Characterisation of the blend 
To examine transesterification as a factor in determining the degree of degradation and 
compatabilisation which occurs during melt processing. To determine the effect of 
viscosity, blend composition and temperature on the crystallisation of the PETP portion 
from the melt and on heating the amorphous granule. Melt phase rheology will be used 
to assess the viscosity of the blends. 
ii) Characterisation and evaluation of injection moulded PETP/PC 
products 
To determine the orientation, crystallinity and micro- structure of the moulded products 
and relate these characteristics to the mechanical properties obtained for the blends. 
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iii) Thermoelastic processing of PETP/PC blends 
To simulate the uni-directional and bi-directional stretching that occurs in the 
thermoelastic region (80-120'C) in industrial processes such as stretch blow-moulding, 
thermofomiing, strapping tape production and fibre drawing. 
4 
2 Literature review 
2.1 Miscibility 
2.1.1 General 
A very common way of achieving various performance characteristics in a given 
material is blending of two polymers(13). The basi c issue confronting the designer of 
polymer blend systems is how to guarantee good stress transfer between the 
components of the multi-component system, without detracting from material 
performance(4). Clearly this is closely related to the degree of mixing between the two 
blended species. One approach is to find blend systems which form miscible 
amorphous phases. In polymer blends of this type, the various components have the 
thermodynamic ability to be mixed at the molecular level. Since these systems form 
only one miscible amorphous phase, interphase stress transfer is not an issue and the 
physical properties of miscible blends approach and frequently exceed those expected 
for a random copolymer comprised of the same chemical constituents. On the other 
hand, if the polymers are incompatible, extensive segregation and phase separation can 
occur. 
Traditional wisdom asserts that polymers of different chemical composition are miscible 
at the molecular level only in isolated caseS(14). The entropy of mixing that leads to 
miscibility of many compounds composed of small molecules is essentially absent for 
high-molecular-weight polymers. 
The realization in recent years that, in practice, a great many polymer pairs do form 
homogeneous blends has stirred considerable interest. 
2.1.2 Definitions 
There are difficulties in assigning absolute definitions of miscibility to polymer 
blendsm. In the literature the term miscibility is often used interchangeably with the 
word compatibility to indicate single phase behaviour. Compatibility in its most general 
sense is not synonymous with miscibility(4). One may find that good results are 
obtained when two immiscible polymers are mixed, and thus they may be termed 
compatible. 
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The definition of miscibility which can be most appropriately used, is polymer blends 
which form a single amorphous phase having the thermodynamic ability to be mixed at 
the molecular level. In the case of crystallizable polymers, miscibility only refers to the 
remaining amorphous material(15). Co-crystallisation would generally indicate 
'compatibility' in a single, crystalline phase. 
2.1.3 Interchange reactions 
Chemical structure - repeat units 
Polyethylene terephthalate 
() 
OC -O-(CH2)2 -O 
QQn 
Polybutylene terephthalate 
CC -Q-(CH2)4 - 
ýQn 
Bis phenol-A-polycarbonate 
CH 
1 11 
. -0 C -Cý I CH 
2.1.3.2 General reactions 
In principle, interchange reactions are possible between polyesters and 
polycarbonates(4). Devaux et al(16) stated that there are three likely mechanisms taking 
place in PC/PBTP blends: alcoholysis and acidolysis of PC by, respectively -OH and - 
COOH terminated PBTP, and direct transesterification. The main mechanism, they 
concluded, must be direct transesterification (see below). 
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Paul and Barlow(4) have examined their polyester/polycarbonate blends for the effect of 
reactions and have concluded that there is no evidence that such reactions have affected 
phase behaviour. Devaux et al(17), on mixing PC and PBTP in the molten state 
observed the occurrence of an exchange reaction giving rise to four component 
copolycondensates with glass transitions intermediate between those of PC and PBTP. 
These intermediates must affect subsequent phase development and material behaviour. 
2.1.3.3 Transesterification 
As shown in preceding papers(17,18) an exchange reaction between polycarbonate and 
polyesters may occur, which is a direct ester-ester interchange. An exchange reaction 
taking place between two polycondensates of different chemical nature will generate a 
four-component copolycondensate. In the most general way, six parameters are needed 
to describe any four-component system, represented as foUows; 
[(A, -B I),, - (A2- Bl)yl,,, - [(Al - B2), ý-(A -B2), 
],, 
2 
In this formula, A,, A2, B, and B2represent monomer units of different chemical nature 
but of the same functionality. In the PC/PBT? system A1 and A2 are the butylene and 
the bisphenol-A group, respectively, whereas Bj and B2 are the terephthalate and 
carbonate units; x, y, z and w represent the average length of the various sequences; m 
and n are the mean lengths of blocks having in common the same BI or B2 unit. 
In terms of a direct ester-ester interchange, the overall reaction mechanism can be 
written as(19); 
-Al_B1- + -A2-B2- 
PBTP PC Co-polyester 
The rate constants of the direct and reverse reactions are identical. This result is 
understandable if we take into account that the bonding energies of broken and 
reformed bonds are practically identical. 
We may therefore conclude that, at least to a reasonable approximation, the reaction is 
only driven by a large entropy change. 
k 
% -A2-B1-+ -Al-B2~ 
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Wahrmund, Paul and Barlow(20) have previously suggested a theoretical possibility of a 
reaction in the case of PC/PBTP systems. However, Nassar, Paul and Barlow(21) when 
studying the melting and crystallisation behaviour of PC and PETP mixtures, 
concluded that very little, if any, interchange groups occur during melt mixing. 
However when mixing PC and PET? in the molten state, Godard et al(18) observed the 
occurrence of an exchange reaction much slower with PET? than with PBTP, but 
giving rise also to four-component copolycondensates. To avoid the yellowing of 
PETP, the synthesis catalyst is not a titanium derivative as for PBTP, but is based on 
antimony (or other) trioxide. The nature of the catalyst can probably explain 
differences of transesterification rates in both systems. 
The degree of transesterification obtained for any given melt processing conditions 
depends strongly on the type and amount of residual polymerisation catalyst(22). 
2.1.3.4 Effect of transesterification on miscibility 
A complication in determining the inherent miscibility of polyester-polycarbonate 
mixtures is the potential for transesterification when blending or processing the 
polymersM. It was found(23) that this reaction did take place in 
poly(ethylene terephthalate-co-succinate), 
polycarbonate (PC)/poly(butylene terephthalate) (PBTP) 
and poly(ethylene terephthalate) (PET? )/poly(butylene terephthalate) 
blends as detected by NMR analysis. A small amount of transesterification in these 
blends would lead to formation of copolymers which would affect the phase 
behaviour(g) and material morphology. 
Transesterification in polyester/polycarbonate blends is very much influenced by 
conditions of mixing. The miscibility of this system is linked with the ester exchange 
reaction between the component polymers. 
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2.1.4 Effect of transesterification in the PBTP/PC blend on 
miscibility 
PBTP, like other polyesters is unstable within its processing temperature range (240- 
280'C). Several reports (1.16,17,19,24) have indicated that a significant concentration of 
PBTP/PC copolymers could be formed through a transesterification reaction at the 
temperatures and time used in melt processing. Molten PBTP/PC blends are usually 
unstable above 230'C, a significant evolution of gas occurs during melt blending, and 
at temperatures above 260'C, foaming during blending is accompanied by notable 
changes in solubility(3). Figure 1 shows that at short reaction times a sharp decrease of 
the solubility in methylene chloride (a good PC solvent) takes place while at longer 
times, a completely soluble product is obtained. Simultaneously, important changes in 
the infrared spectra are observed. As shown in Figure 2 and Table 1, PC blocks (C---O 
stretching at 1780 cm-1) appear in the soluble fraction and PBTP sequences (C--O 
stretching at 1720 cm-1) are identified in the insoluble fraction. At longer reaction times 
(30 min at 243.5'C), new infrared absorption bands are detected at 1740 and 1070 cm-1 
evolving with a progressive shift of the carbonate stretching to 1770 cm-1. These 
infi-ared absorptions are characteristic of aromatic carbonates. 
Figure 1 
Evolution of the solubility of a 
PC/PBTP blend in methylene 
chloride as a function of reaction 
time at 260"C. 
(After Devaux et al (3)) 
solubility 
75 
50 
25 
0 PC-PIT? (50/50 by weight) 
PC-PIT? stabilized by di-o-octadecyl 
phosphits. 
t (min) 
sn 75 
9 
Figure 2 
Evolution of the C=O stretching 
bands in a PC/PBTP blend (50/50) 
as a function of reaction time at 
243.5"C 
(1) 0 minutes, (2) 5 minutes, 
(3) 10 minutes, (4) 15 minutes 
soluble fraction 
------ - --- - ----- insoluble fraction. (After Devaux et al (3)) 
Y" 
V 
11B 17CO CM*' In 1ý00 CM-11 1ý00 crri, 1ý00 1700 CM-1 Iwo 
Table I Characteristic infrared absorbtions of the Ester and Carbonate groups 
detected during the PC/PBTP reaction 
(After Devaux et al (3)) 
Groups IR absorption wave 
number (cm-1) 
Aliphatic ester 
0 
-- oO- C \0-CH2- 
Aromatic ester 
0 
-d- 
c 
00 
Aromatic carbonate 
0 
-I-0- 
Mixed aliphatic-aromatic carbonate 
-<ý 0- 
0 (stretching) 
C 
II 
O -CH2- 
1720* 
1740* 
1070 
1780* 
1770* 
At reaction times longer than 30 min., the polymer blends become soluble in usual PC 
solvents. The sequence distributions were followed by N. M. R. The main results are 
summarized in Table 2, which gives the fraction of triads based on the terephthalic 
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acids units (BI) determined by H'NMR, and in Table 3 which shows the diad 
distribution determined byC13NMR as a function of reaction times. 
it is observed that the diad and triad distributions tend towards those calculated for a 
statistical copolyester. It is also noticed that equirnolecular quantities of aliphatic 
carbonate group (AIB2) and aromatic ester units (A2B, ) are formed in the course of the 
reaction. 
it may, therefore, be concluded that an exchange reaction (transesterification) takes 
place between PBTP and PC which at short reaction times, leads to the production of 
block copolyesters with reduced solubility. At increasing reaction times, the 
composition of the copolyesters becomes statistical and a completely soluble (miscible) 
product is obtained. 
PBTP/PC results clearly indicate that appreciable mixing of two polymers takes place in 
the melt phase whereas complete separation is observed in cast filmsM). Without 
transesterification Hanrahan et al(l) found the blend to be almost completely immiscible 
over the entire composition range. 
Table 2 Fractions of triads based on B, 
blend determined by HINMR 
(After Devaux et al (3)) 
Time of reaction (min) FAlBIAI* 
Theoretical values for a 
in molten PC/PBTP (50150) at 253*C 
FAIBIA2* FA2B, A2* 
blend 1.00 0 0 
30 0.71 0.26 0.02 
60 0.49 0.43 0.0 
100 0.37 0.47 0.15 
200 0.29 0.49 0.23 
Theoretical values for a 0 29 0 50 0 22 statistical copolyester . . . 
*key overleaf 
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A, butylene unit 
A2 bisphenol-A unit 
-(CH2); - 
CH 
3 
c -. <a> I 
CH 
B, terephthalate unit 
B2 carbonate unit -0- c II 0 
o- 
Table 3 Fraction of diads in molten PC/PBTP (50150) blend determined by 
C13NMR 
Time of reaction (min) FAIB1 FAjB2 FA2B, FA 2B2 
Theoretical values for a 
blend 
31 
75 
100 
200 
Theoretical values for a 
statistical copolyester 
0.54 0 0 0.46 
0.49 0.09 0.5 0.35 
0.35 0.19 0.19 0.24 
0.32 0.21 0.21 0.20 
0.28 0.26 0.26 0.20, 
0.29 0.25 0.25 0.22 
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2.1.5 Effect of transesterification in the PETP/PC blend on 
miscibility 
Early information(113) that many polyesters are miscible with polycarbonates have not 
always been supported by later research(9,22,26). One complicating factor is that 
polyesters and polycarbonates can undergo ester-ester interchange reactions, especially 
at higher temperatures. In some cases these reactions may lead to (apparent) miscibility 
of otherwise immiscible polymers. The ester-ester interchange which takes place in 
pure PETP (and PC) is a possible compat, ibilising reaction if the ester exchange takes 
place between the two component polymers. 
Various interchange reactions are possible between PET? and PC due to the functional 
linkages and end groups present(l 2,22). This type of chemical reorganisation would 
eventually convert a simple binary mixture into a random copolymer consisting of 
residues from the two originally different types of chain. 
It is somewhat surprising that blends of PETP and PC appear to show complete 
miscibility, particularly where PETP is the major component, when one takes into 
account the difference between their respective total solubility parameters (PETP 
8=10.7 and PC 
8=9.5(13)). 
Several pieces of evidence indicate that PETP/PC blends consist of two separate phases 
before heat treatment. Henrich s et al(14) produced blends of PETP/PC from solution 
and examined them usingC13ji4A4Rspectroscopy and differential scanning calorimetry 
The NMR results showed that the proton spin relaxation times in the starting 
blend were the same as those of the pure amorphous polymers. Likewise the dsc 
results showed that the Tgs were identical to those of the original components. 
Hernichs'work(14) indicated that PET? and PC are immiscible up to about 2600C and 
this theory that unreacted PETP and PC are immiscible is supported by other authors. 
Nassar(21) determined that PET? /PC blends (particularly PETP rich) after heat treatment 
show a single glass transition temperature which varies with overall blend composition 
but in a way made complicated by the removal of the PETP when it crystallizes, so that 
the amorphous phase is not equal to the overall blend composition. 
HenrichS'(14) evidence for miscibility is that after successive cycles of heating and 
cooling PETP crystals are no longer formed at all and the result is a homogeneous 
system. This occurs as a result of a reaction between the PETP and PC which includes 
the loss of PC carbonyl group. 
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Overall we can conclude that PETP and PC are not inherently miscible, but that 
miscibility can be induced by chemical reaction between the polymers during heating. 
The evidence would suggest that PETP and PC become miscible only after 
transesterification has occurred(14,22,23) . An important question concerning the PETP/PC 
system, as well as any mixture of polymers which have the potential to react together, 
is just how much reaction must occur before the system becomes homogeneous? 
Extensive chemical reaction between PETP and PC ultimately produces a random 
copolymer, however it is likely that a miscible system occurs long before the polymers 
have been completely randomized. 
2.1.6 Summary 
Miscibility is usually presented as anall or nothing situation for a particular blend. It 
would be more accurate to define miscibility. over particular ranges of blend 
composition and talcing into account thermal history etc. that might affect miscibility(7). 
Tobolsky(27) states that for blending to be satisfactory the polymers should be 
sufficiently incompatible to form two distinct phases, but there should be wetting or 
adhesion between the two phases. This will result in improved mechanical properties. 
It has been observed(20) that a number of polyesters show varying degrees of partial 
miscibility with bis phenol-A-polycarbonate. This behaviour is very interesting 
because of the influence that partial miscibility can have on the properties of such 
blends. In many cases specific properties of such blends have been measured and this 
has shown that they have a large potential market in automobile parts. 
2.2 Thermal behaviour 
2.2.1 Crystallisation 
Solids may be crystalline or amorphous, and the crystalline state differs from the 
amorphous state in the regular arrangement of the constituent molecules, atoms or ions 
into some fixed or rigid pattern known as a lattice(28). Crystalline material is 
characterised by a higher density, and has a profound influence on many chemical and 
physical properties of the polymer. 
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Crystallisation of PETP 
When amorphous PETP is heated above its glass transition temperature, spontaneous 
crystallisation occurs in the solid state(29). 'ne crystallisation process is usually treated 
as a composite of two processes - primary crystallisation and secondary 
crystallisation(30). The primary crystallisation rate is very marked by temperature 
dependence. Crystallisation occurs most rapidly in the temperature range 140-2201C 
with 50 per cent of the resulting crystallinity developing in less than 30 seconds. A 
minimum value of time to attain maximum rate of crystallisation (tm.,, ) for PET? of all 
molecular weights exists at around 175'C. The higher molecular weight of PETP 
causes a decrease in the rate of crystaHisation(30). 
Overall degree of crystallinity achieved depends on annealing temperature and to attain 
the highest degree of crystallinity requires annealing at a temperature approaching the 
melting point. 
2.2.1.2 Effect of PC on the crystallisation of PETP 
PETP crystallises readily, and one would expect PF-TP to crystallize from blends with 
PC whether the two are miscible or not(21). Figure 3 shows the magnitude of the 
melting endotherms observed for samples which had been heated to 285'C and 
quenched into liquid nitrogen. 
Figure 3 
Area of melting endotherm for quenched samples 
of PETP/PC. (After Nassar et al (21)) 
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All blends showed less PETP crystallinity than would have been expected if the PETP 
in the blend had crystallised, to the same extent as. it does in the pure state. Chen and 
Birley(26) also noted that crystallisation of PETP was slightly retarded by PC. 
Both Hanrahan. et al(22) and Murff et al(12) noticed that the effect of PC on PETP 
crystallinity was dependent on thermal history. For example a solvent blend exhibited a 
heat of fusion (AHf) of 13 cal/gram which corresponds to a crystallinity of 40%. In 
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contrast the AHf for slow-cooled blends decreased from 10 to 4 cal/gram with 
decreasing PETP content. Also for blends heated to 2901C and then crystallised at 
1670C, Murff et al(120) found that AHf was reduced as the residence time at 290'C 
increased. In addition, the relative amount of the decrease was greatest for blends with 
less PETP. 
The crystallisation exotherm of pure PETP occurring at 1401C seems to be shifted 
upwards in blends to approximately 1550C(13). This temperature is very near the T, of 
pure PC, and would suggest that PC needs to achieve a degree of mobility for the 
PETP to crystallise, implying that the PETP and PC are well mixed. 
Figure 4 shows the crystallisation temperature (T,, ) as a function of overall blend 
composition for 2nd and 4th heatS(21). In both cases Tc initially increases as PC is 
added (as one would expect if PETP and PC were miscible), however T, reaches a 
maximum at about 70% PETP and decreases as more PC is added. This would suggest 
that addition of PC above the 30% level diminishes the hindrance this component has 
on the PETP crystaHisation process. 
It is evident that PC reduces PETP crystallinity. This effect is increased with 
temperature which would suggest that the hindrance is increased with miscibility and/or 
interchange reactions. 
Figure 4 
Crystallisation temperatures observed on heating 
quenched samples. (After Nassar et al (21)) 
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2.2.2 Transition behaviour in the amorphous phase 
2.2.2.1 Homopolymers 
The glass transition temperature is defined as the mid-point of the heat capacity 
change(22). The T. of pure PC is generally accepted to be 1450-150'C, (20,21) and varies 
little with thermal history. PET? however has a T. which changes according to 
pretreatment, thermograms of well annealed PETP, first and third heats, show T. 's of 
900 and 820C respectively(21). These values are both higher than the reported value of 
81 OC(31) and their difference is probably related to the different annealing times used. 
The quenched pure PETP samples show a strong glass transition at 780C, which is 
higher than the reported values of 67' and 750C(32). 
2.2.2.2 PETPIPC transitions 
Generally it is accepted that for blends of PETP and PC two T. 's are observed. Chen 
and Birley(26) noted that the T,, associated with PETP stays remarkably constant (Table 
4), although the PC T. does appear to be affected by mixing with PETP. Makarewicz 
and WilkeS(13)produced similar results and observed that it was difficult to account for 
the fact that the glass transitions of PETP seem unaffected by the presence of PC in the 
blend. They stated "one would expect that, with thorough mixing between the two 
polymers, the PETP glass transition would be shifted to higher temperatures with the 
addition of PC, since this polymer has a Tg in the vicinity of 150'C". Nassar et al(21) 
offered an explanation that in the blend there are two amorphous phases, and 
presumably, one phase is relatively rich in PETP and does not change composition 
much as the overall compositions of the two components is varied. The other phase is 
relatively richer in PC and seems to incorporate more PETP as the overall content of 
PETP is increased. If this explanation is valid it implies that PC is relatively insoluble 
in PETP whereas the PETP is soluble (at least partially) in PC. 
Table 4 
PC/PETP 
DSC data for PC, PETP and blends 
(After Chen and Birley (26)) 
Glass temp. (1)'C 
Glass temp. (2)*C 
Melt temp. *C 
Cryst. temp. T 
80/20 60/40 40/60 20/80 0/100 
100/0 BA B A B A B A C D 
76 75 77 75 79 79 79 79 78 77 
147 143 143 142 141 138 136 
237 238 237 238 238 238 238 238 248 246 
178 182 178 185 178 185 180 192 
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A denotes measurement after MFI test 
B denotes measurement before MFI test 
C test carried out on virgin granules 
D polymer extruded before d. s. c scan 
Paul and co-workers(33) stated that blends rich in PC exhibited two Tg's while blends 
containing 90%, 80% and 70% exhibited a single Tg. MurfS12) stated that "only one T. 
could be found for compositions rich in PET? using either differential thermal analysis 
or dynamic mechanical testing". Later Paul et al(33) presented 'very clear evidence' for 
complete mixing of PETP and PC in the amorphous phase for some compositions, but 
not all. This evidence took the form of Rheovibron data. Figure 5 shows results for 
blends rich in PETP and very clearly, there is a single T. which shifts to higher 
temperatures as the PC content is increased. "This is very substantial evidence for 
comp ete mixing of PC and PETP in the amorphous phase of these blends. " 
Figure 5 
Rheovibron data for PC/PET? 
blends. (After Paul et al (33)) 
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Chen and Birley(26) found it difficult to identify the second transition temperature of the 
20/80 PC/PETP blend at about 140'C from the d. s. c trace. A DMTA spectrum of the 
blend was obtained as is shown in Figure 6, where two transitions at 85'C and 140'C 
can be clearly distinguished. This indicates that in this blend the amorphous phases of 
PC and PETP are not miscible, a conclusion which is different to that reached by Paul 
and co-workers. 
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Figure 6 
The DMTA spectrum of 
PC/PET? 20/80 blend 
(storage modulus, E' and tan 
vs temperature). 
(After Chen and Birley (26)) 
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Hanrahan et al(22) stated that in contrast to Paul and co-workers(33) two Tg's are observed 
over the entire composition range; this work was based on dielectric loss spectra. For 
as-cast materials the T. increases from 82 to 90'C as PETP content decreases; the higher 
(PC-rich) T. is found to be independent of composition. 
For slow-cooled blends the lower Tg increased little as PETP concentration 
decreased(22). However, the higher temperature transition is approximately 8'C below 
that observed for pure PC; this depression could indicate a limited degree of mixing (of 
the type discussed earlier). 
When the effects of elevated temperatures on the blend were determined it was found 
that thermal treatment had clearly altered phase behaviour. The position (and intensity) 
of the lower Tg increased as the treatment became more severe. Interestingly, the higher 
Tg was not observed for either of the heat treated blends. 
This evidence would suggest that workers were comparing blends in different states 
(prepared differently). Whether a blend exhibits one or two Tg's (is miscible or not) 
depends ultimately on its pretreatment. 
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2.2.3 Effect of polycarbonate on the melting behaviour of PETP 
It is well known(21) that melting temperature, (Tm), may be highly dependent on 
crystalline morphology and thermal history(12); this will be discussed later. However 
there is an effect on the melting behaviour when PETP and PC are mixed in the 
amorphous phase. 
Hanrahan(22) has worked extensively on the melting behaviour of PETP/PC blends, 
PETP melting behaviour for selected compositions is illustrated in Figures 7 and 8, for 
as-cast and slow-cooled samples, respectively. 
Figure 7 
Melting behaviour of as- 
cast blends. 
(After Hanrahan et al 
(22)) 
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The thermograms of the as-cast blends display multiple melting endotherms, whose 
shape and position vary somewhat erratically with composition. Pure PETP displays a 
low temperature peak at 197"C while the 90% PETP blend contains a collection of 
endotherms located between 210 and 230'C. Samples containing 10 to 80% PETP 
exhibit a lower temperature melting endotherm which alternates between approximately 
225 to 2281C. It is believed that these endotherms are associated with thermal history 
and therefore unless the thermal history of these blends can be guaranteed identical the 
effect of PC on them cannot be assessed. The high temperature transition moves in a 
more regular way, progressively decreasing from 248 to 239'C as PETP content 
decreases, Murff(12) also observed a drop of 5 to 8'C. 
There is a general trend in all cases for T.. to decrease (from the value observed for pure 
PETP) in a blend as PC is added up to 80%(12,22)where it becomes constant thereafter, 
or varies in some complex way. The melting behaviour of PETP is clearly influenced 
by the presence of PC despite thermal history being a complicating factor. This 
depression in T,,, (21) is thought to be mainly the result of lowering the chemical potential 
of PET? by addition of PC which leads to a classical equilibrium T,,,, depression(34). 
2.2.4 Morphology 
2.2.4.1 Introduction 
One of the major problems facing researchers in this field is the understanding of the 
intricate interplay between processing, morphology and properties of multiphased 
blends(6). The morphology of immiscible polymer blends considerably affects their end 
use performanceM. The end use properties of the product are therefore dependent on all 
changes of the structure that take place during processing of polymer blends both under 
mechanical stress and at reSt(35). It has been found that changes in the morphology of 
the molten blends can take place without mechanical stress. 
Owing to the very small entropic contribution to the free energy of mixing of 
macromolecules, immiscibility is the rule rather than the exception for polymer 
mixtureS(6). In favourable cases multiphased systems can display an interesting 
synergism of properties. However, the properties of immiscible blends, as has 
previously 
, 
stated are highly sensitive to their morphology (wetting and sizes of the 
phases, interface thickness etc. ) which in turn strongly depends on the processing 
conditions. Therefore, morphological studies are central for the understanding of these 
systems and the control of their properties. 
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2.2.4.2 Morphology of PBTPIPC blends 
Delimoy et al(6) assessed morphology versus composition on extruded samples covering 
the range 20%PBTP-80%PC to 80%PBTP-20%PC. Figures 9-12 show the resulting 
morphologies for sections cut perpendicular to the axis of the pellets. 
The structures range from a continuous PC phase for compositions above 60% PC to a 
continuous PBTP phase for compositions below that amount. At 60% PC, the two 
phases form an interpenetrating network (IPN) (Figure 9). The asymmetric location of 
IPN-forming composition is, of course, related to the large difference in viscosities 
between PC and PBTP, in this case. The PC used in this work is approximately one 
order of magnitude more viscous at 260'C that the PBT?. For the same reasons, when 
dispersed in PC, PBTP forms smaller nodules (rounded lumps) than PC dispersed in 
PBTP. Sections cut along the axis of the pellets show very elongated structures, as 
expected. 
Figures 13-15 demonstrate the paramount importance of thermal history for the 
structure of PC/PBTP blends. 
The morphology of 70% PC - 30% PBTP blend kneaded at 260'C for 2 minutes in the 
Brabender Plastograph, then quenched in iced water, can be examined in Figure 13. It 
consists of very thin and elongated structures. The interfacial area is very large, as a 
result of the intense shearing and kneading. If the sample is slow-cooled in air instead 
of quenched, the large interface collapses under the influence of the interfacial energy 
and PBTP nodules dispersed in a continuous PC phase are observed (Figure 14). If 
the quenched sample is further annealed for 2 minutes at 260'C then allowed to 
crystallize at 220'C for one hour, PBTP lamellae grow from the PBTP-rich collapsed 
phase inside the PC-rich phase, depleting the latter of dissolved PBTP (Figure 15). 
The resulting structure has a very large interlocked interface, which showed excellent 
mechanical properties, in comparison to the virgin materials. 
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Figure 9 Figure 10 
60% pC - 40% PBTP extruded blend. 
Section cut 80% PC - 20% PBTP extruded blend. 
perpendicular to the axis of the pellet and stained 
Section cut perpendicularly to the axis of the 
by RuO4 vapours for 10 minutes. (After Delimoy pellet and stained by RU04 vapours for 10 
et al (6)) minutes. (After Delimoy et al (6)) 
Figure 11 Figure 12 
40% PC - 60% PBTP extruded blend. Section cut 
20% PC - 80% PBTP extruded blend. 
perpendicular to the axis of the pellet and stained Section cut perpendicularly to 
the axis of the 
by RuO4 vapours for 10 minutes. (After Delimoy pellet and stained 
by RU04 vapours for 10 
et al (6)) minutes. 
(After Delimoy et al (6)) 
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Figures 13 
70% PC - 30% PBTP blend kneaded for 2 minutes 
in a Brabender plastograph and quenched. Section 
stained by RU04 vapours for 10 minutes. 
(After Delimoy et al (6)) 
Figure 15 
70% PC - 30% PBTP blend kneaded for 2 minutes 
in a Brabender plastograph and quenched. The 
sample was further annealed for 2 minutes at 
MOT and allowed to crystallise for 60 minutes at 
220T. Section stained by RU04 vapours for 10 
minutes. (After Delimoy et al (6)) 
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Figure 14 
70% PC - 30% PBTP blend kneaded for 2 
minutes in a Brabender plastograph and 
slowly cooled from the melt. Section 
stained by RU04 vapours for 10 minutes. 
2.2.4.3 Morphology of PETPIPC blends 
Little work has been done on the morphology of these blends, but it is thought they 
would behave in the similar way to PBTP/PC blends. Transmission Electron 
Microscopy (TEM) has become a useful tool for investigating the morphology of 
multiphase polymer systems(6), due to its high spatial resolution and the small size of 
relevant morphological structures. Siegman and Turi(12) observed a nodular structure in 
several glassy polymers including PETP and PC, using electron microscopy. Small- 
angle X-ray diffraction of glassy PET? also suggests a nodular structure consisting of 
particles somewhat smaller than those observed by electron microscopy. 
2.3 Mechanical properties of polymer blends 
More often than not, polymers do not adhere to each other well, and poor mechanical 
properties of mixtures of the two are the result(4). - However, occasionally a blend of 
polymers does produce favourable interactions at the molecular level. The literature on 
miscibility in polymer blends has become extensive in the last two decades; however it 
is only in the last decade that specific attention has been given to mechanical properties 
exhibited by such blends(36). The most extensive reports of this type have involved the 
well-known system : poly(phenylene oxide), PPO and polystyrene, PS(37-39). It has 
been shown that both modulus and tensile strength for PPO-PS blends exhibit 
maximum valueswhen plotted against composition. Kleiner et al(38) have suggested 
that the deviations of the modulus from simple linear additivity stems from the 
densification which occurs on mixing these two polymers. 
A similar synergism in tensile and flexural strength has been noted by Olabisi and 
Farnham(40) for miscible blends of poly(methyl methacrylate), PMMA and a terpolymer 
formed from oc-methyl styrene, methyl methacrylate and acrylonitrile (Figure 16). 
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Figure 16 
Composition dependence 
of the flexural and tensile 
strengths for the 
terpolymer/PMMA blends. 
(After Olabisi and 
Farnham (40)) 
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These blends are as much as 15% stronger than expected from simple additivity, and 
some compositions exhibit strengths greater than those for the strongest component. 
Bisphenol-A polycarbonate is a polymer well known for its superior ductility and 
outstanding impact resistance. It has been used as an engineering plastic for more than 
thirty years, but its use in some fields is limited by its low temperature behaviour, high 
melt viscosity and comparatively poor hydrolysis resistance. Blending of PC with 
polyesters has proved a useful way to overcome these small defects, while preserving 
its strong points. 
Impact modified blends of PC and PBTP are being used to an increasing extent in 
engineering applications requiring superior toughness(41) (e. g. automotive applications). 
Additions of impact modifier and PC were found to have a synergistic effect on the low 
temperature toughness of PBTP. PBTP/PC/IM blends exhibit mechanical properties 
higher than PBTP at intermediate temperatures (40-130'C)(1). 
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There has been commercial interest in blends of polyesters with PC; the PETP/PC 
system has been the subject of several patents(43-47). Tensile data are given in Table 5 
for dry specimens tested at 200C for the two homopolymers and the PETP/PC blends 
containing 40/60 and 80/20 by weight. In the Table, comparison is made of the tensile 
response of unannealed specimens (presumably amorphous) with those treated at 1250C 
for 18 hours (the PETP portion is likely to be appreciably crystalline). 
Table 5 Tensile properties of PC, PETP and their blends 
(After Chen and Birley (26)) 
100/0 60/40 20/90 0/100 
PC/PETP Annealed Unannealed Annealed Unannealed Annealed Unannealed Annealed Unnanealed 
Yield suws 68.5 59.5 71.55 59.71 78.90 56.89 - 55.52 (Wa) 
Break su=s No breaks 50.34 42.48 43.99 33.59 79.46 27.76 (Mpa) 
Yield clong 13.3 16.0 13.9 12.6 14.2 11.0 Break 11.0 
M 
Break elong >100 >100 100 110 40 150 18.5 120 
M 
Significantly, the PETP specimens decreased in length by 5% as a result of 
crystallisation during the heat treatment and embrittled to fracture before yield. There 
was no analogous behaviour in the blends, which remained ductile, although the 20/80 
PC/PETP blend increased in yield stress from 56.9 to 78.9 Mpa, and the 60/40 blend 
increased from 59.7 to 71.6 MPa. The difference in behaviour is probably associated 
with the PC constituent in the blends, which appears to retain its softening 
characteristics. That is as PC has a Tg higher than 140'C it stabilizes the dimensions 
and modifies the crystallisation of PETP. These observations support the conclusion 
that PETP and PC are not miscible at the 80/20 level. Murff et al(12) also observed 
unusual features at the 60-80% PETP level; such as the elongation to failure (Figure 
17). 
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Figure 17 
20C Elongation at break for injection moulded blends 
(Maximum available crosshead 200% 
180 elongation). (After Murff et, al (12)) 
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These blends failed at higher strains than did the pure components. In fact blends 
containing between 60 and 80% did not fail within the available crosshead travel 
corresponding to a strain of about 200%. This appeared to be a very significant result, 
in terms of the determination of failure energy in blended samples, and served to 
stimulate a great deal of our research in this particular composition range. 
Chen and Birley(26) determined the Charpy impact strengths for the blend before and 
after being heat treated at 125'C for 18 hours; the results are shown in Table 6. 
Table 6 Charpy impact strength of PETP and blends with PC 
(After Chen and Birley (26)) 
Sharp notch Blunt notch Unnotched 
PC/PETP rad 0.25mm rad 1 MM J/M2 J/M2 
J/M2 
0/100 Annealed 0.334xI04 0.329 x 1W 2.44 x 104 
Unannealed 0.418 0.797 Unbroken 
20/80 Annealed 0.357 0.272 Unbroken 
Unannealed 0.477 1.35 Unbroken 
60/40 ' Annealed 0.303 2.06 Unbroken 
Unannealed 0.540 12.05 Unbroken 
The embrittlement of the PETP specimens due to crystallisation after the heat treatment 
is clearly seen in the impact data for unnotched specimen. Results for the notched 
specimens show that for PETP and the blends, the thermal treatment leads to a 
deterioration in impact strength in all cases. However, comparison of results from a 
blunt notch with those from a sharp notch provides some unexpected results, namely 
for the annealed specimens of PETP and 20/80 PC/PETP blend, the sharply notched 
one appears to be tougher than the blunt notched one. This anomaly is probably 
associated with residual stresses from injection moulding the specimens. 
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2.4 Physical properties of PETP/PC blends 
Melt flow index results for PC and PETP, before and after extrusion are shown(26) in 
Figure 18; it is seen that the NIIFI of PC increased only marginally after extrusion 
indicating good thermal stability, and resistance to hydrolysis. -1 
Figure 18 
MFI of PC/PET? vs 
composition of blends. 
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An interesting system was reported in earlier patent literature by Okamura and 
Matsukane(41); they showed that when increasing amounts of PETP are added to PC, 
the melt viscosity of the latter decreases substantially. They stated that the addition of 
5% PETP reduces the melt viscosity of the blend to 15% below that of pure PC at the 
same temperature. They surmised that PETP was soluble in the PC at the processing 
temperatures and that the PETP was behaving like a plasticizer. 
Similarly Chen and Birley(26)observed that the 20/80 PC/PETP had a lower MFI than 
either component; this was confirmed by shear rheometry. It was also noted that after 
extraction the insoluble residues of some of the blends were fibrous. This is a 
phenomenon observed by Dreval. et al(49) in polyethylene/polystyrene (incompatible) 
blends; they suggested that when only a small amount of PE was present it might form 
very long fibrils. The formation of such fibrils is apparently governed by the ratio of 
the viscosities of the two components and the prevailing shear stress in the melt 
processing technique. 
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3 Materials and processing : preparation of PETP/PC blends 
3.1 Introduction 
Previous work in the Institute of Polymer Technology and Materials Engineering 
investigated the properties of PBTP/PC blends(50,51-52) and this work was followed by an 
investigation into the PETP/PC blend(26). The studies demonstrated that the PETP/PC 
80/20 blend increased in maximum yield stress from 56.9 to 78.9 MPa on annealing at 
150'C for 18 hours. Pure PETP samples embrittled to fracture before yield. Pure PC 
had a yield stress less than the blend on annealing. It was shown the blends had 
generally superior properties when compared to the virgin polymers. The authors 
concluded that difference in behaviour was probably associated with the PC constituent 
in the blends, which appeared to retain its softening characteristics, as it had a T. higher 
than 140'C, thereby stabilising the dimensions and modifying crystalline growth. 
Murff, Barlow and Paul(12) showed that the yield strength for PETP/PC 80/20 was 
below that for pure PETP and pure PC. This implies that the method used by Murff et 
al to produce samples results in an amorphous structure. 
From the above it would appear that when annealed the 80/20 blend exhibits better 
tensile properties than expected, and poorer properties when it remains amorphous. 
However the amorphous tensile bars produced by Murff et al did not fail within the 
available crosshead travel, corresponding to a strain of about 200%. This, interestingly 
(increased elongation at break on blending) is noted by Murff et al, but they cannot 
account for its origin. 
Chen and Birley(26) showed that the PETP/PC 80/20 blend had a lower MFI than either 
component: the reason for this was not known. Okamura and Matsukane(48) also 
showed that with increasing amounts of PETP added to PC the viscosity of the latter 
decreased substantially. Apart from this very little has been written on the rheological 
properties of this blend system. 
Murff and co-workers(12) state the mechanical properties of PETP/PC blends are 
attractive, no doubt reflecting the favourable interactions which are thought to exist 
between PC and PETP at the molecular level(15,53) making this system at least partially 
miscible. These mechanical properties plus the inherent chemical resistance(-14) and 
relatively low cost of PETP justifies current interest in this system. 
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Robinson(55) showed that the PETP/PC 80/20 blend had similar flexural strength to 
unmodified PETP but was tougher in impact than Xenoy* resins currently used for 
bumper applications by Ford Motor Co-(56). All materials were moulded under the 
same conditions, with a mould temperature of 800C and tested for impact performance 
with the Rosand Instrumented Falling Weight Impact Tester. The PET/PC 80/20 
showed a peak force of 10.67 kN, energy failure of 81.8J and total energy absorbed 
191J. When this is compared with the Xenoy* results 8.75 kN for peak force, 77.7J 
for energy to failure and 1 16.8J for total energy absorbed, it can be seen that this blend 
may have possibilities for use in high impact applications. Another advantage of the 
PETP/PC 80/20 blend is that it does not suffer from environmental stress cracking in 
petrol, to the same extent as pure PC(57). 
In the light of these investigations it was decided to characterise and investigate the 
properties of the PETP/PC blend, around the 80/20 composition. Blends were 
produced in the proportions 85/15,80/20 and 75/25. Two different grades of PETP 
were used and three grades of PC, differing in molecular weight. Previous work has 
not, to our knowledge, considered: 
1) The influence of molecular weight of the blend constituents on the processing 
and mechanical properties of these blends. 
2) Ile properties of injection moulded parts of varying crystallinity. 
Obvious applications for these high impact blends are automotive (car bumpers, 
spoilers etc. ), but it is also possible that the blend could be used to improve the impact 
properties of moulded PETP (trays, jars, miscellaneous mouldings) and increase the 
service temperature of uniaxially or biaxially-oriented components. 
This chapter deals with the manufacture of these blends, which requires a great deal of 
care, due to the tendency for polyesters to hydrolyse, or otherwise react chemically 
(very rapidly) in the melt state. The processing 'problems, however, have not proved 
insurmountable to mass production injection blow. moulding PETP bottle businesses, 
where problems are similar, but can be overcome with capital investment in appropriate 
drying and tooling equipment. 
* Xenoy is a registered trademark of General Electric Company Limited 
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3.2 Raw materials 
3.2.1 Poly(ethylene terephthalate) 
PETP was first produced in 1943 by J. R. Whinfield and I T. Dickson in the course of 
their research, in the laboratory of the Calico Printers' Association Ltd., for fibre- 
producing materials. 
PET? is a thermoplastic polyester which can be made by either of the following 
methods(58,61): 
1) by the direct esterification of ethylene glycol 
CH2 OH 00 
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or 2) by ester-interchange reaction between ethylene glycol and the dimethyl ester of 
terephthalic acid. 
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PET? production proceeds via a two stage process: 
Ist stage. Dimethyl terephthalate is heated with ethylene glycol and a catalyst to form 
a mixture of dihydroxyethyl terephthalate and higher oligomers. 
2nd stage. Further heating under a vacuum with catalyst (eg. antimony oxide) to 
polycondensate the oligomers into higher molecular weight polyester. 
In recent years, the direct transesterification of ethylene glycol with terephthalic acid has 
replaced the ester-exchange process. This is because apart from requiring a first-stage 
catalyst, the initial esterification product is a low molecular weight mixture of PETP 
oligomers. 
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Polyethylene terephthalate is used for four different large-scale applications in which 
the PET? is dramatically changed to meet the processing and finished product 
xequirements of these four groups. The four application groups (which differ mainly in 
degree of crystallinity and related parameters) are outlined below. 
PET? fibres are produced from low intrinsic viscosity polymer which is extruded 
and cooled. It is then reheated above T. and stretched to obtain high uniaxial 
orientation, which give the fibres high strength and modulus with good recovery 
properties. They also offer resistance to heat, light and chemical attack and are 
capable of being heat and strain crystallisable. They are used throughout the 
world to make synthetic fibres for fabrics, carpeting and tyre cord. 
2) Biaxially drawn films are produced in a similar way to PETP fibres. Molten 
PETP is extruded and quenched to make an amorphous, ductile sheet. This 
super-cooled amorphous sheet is reheated and stretched, to yield the biaxial 
oriented semi-crystalline film. Films are produced commercially : Melinex by ICI 
and Mylar by DuPont. The biaxial orientation in the film, means that diffusion 
through the film is hindered, leading to low water absorption and low gas 
permeability; this can be further reduced by coating which is sometimes done for 
food packaging. The tear strength of the film is also increased by the two-way 
stretching and the resulting orientation. PETP can also be heat set which results 
in dimensional stability and enhanced high-temperature performance (up to 
-150'C). These properties, together with PETP's inherent electrical properties, 
make biaxially-oriented PETP sheet/film suitable for photographic films, video, 
computer and magnetic tapes, type-writer ribbons etc. More recently because of 
its safe toxicology it has been used for food packaging. 
3) PETP can be converted into bottles by the biaxial orientation (with the enhanced 
properties that brings) of injection moulded preforms. The successful application 
of biaxially oriented PETP to the food packaging industry, (as film and as the 
injection stretch-blown bottle) is associated with it s inherent good barrier 
performance and total inertness to almost all foodstuffs. In 1977 biaxially- 
oriented blow-moulded PET? became commercially available for carbonated soft 
drinks. In the early 1980's it started to be used for alcoholic beverages (some 
require PVdC coatings) and more recently in containers for non-beverage foods, 
pharmaceuticals, agrichernicals and toiletries. 
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4) Heat crystallisable engineering grade PETP is used for high performance 
products. Engineering grades of PETP are fibre-glass and mineral reinforced 
(eg. Amite, DSM and Rynite, DuPont), usually 30-45%, but levels of up to 55% 
are commercially available(63,64). Filled grades usually contain nucleating agents. 
These reduce process cycle time and permit lower mould temperatures (100'Q to 
reach a required level of crystallinity. 
The rate of crystallisation in PETP is of basic importance, the lower the molecular 
weight the faster the rate of crystallisation, due to greater polymer mobility. Higher 
molecular weight causes a decrease in the crystallisation rate, but this can be overcome 
by nucleating(65,66). PETP engineering compounds where the end-use properties 
demand high levels of order are nucleated. 
PET? is now widely available and sold in large quantities, its price is very attractive, 
since it offers some good 'engineering' properties. 
3.2.2 Polycarbonate 
Polycarbonate intermediates were first prepared by Einhom in 1898(51), were developed 
commercially by H. Snell(67) in 1956. Polycarbonate (PC) resins went into commercial 
production two years later in America in the factory of the General Electric Company. 
General purpose polycarbonate is a linear polyester of carbonic acid in which dihydric 
phenols are linked through carbonate groups. Only the polycarbonate, based on 
bisphenol A is important commercially. 
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The rigid molecular backbone of the bisphenol-A polycarbonates leads to a high glass 
transition temperature (160'C) and high melt viscosity, requiring high processing 
temperatures (270-320'C). PETP has similar chemical groups to PC but has a much 
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lower glass transition temperature (70-80'C) and melting temperature (250'C), since the 
PETP backbone is less rigid. 
Although PC is a linear polymer with a symmetrical structure, the melt processed 
material is reluctant to crystallise(68), therefore polycarbonate articles and components 
are substantially amorphous and can consequently be transparent. 
Bis-phenol A polycarbonate has a higher free volume at its T. than normally observed 
with organic polymers. There is accumulating evidence that the toughness of PC is 
related to the high free volume, (below the T. ), and its damping capacity over a wide 
temperature range. In support of this is the fact that impact strength of PC may be 
reduced by annealing, crystallisation and aging. If the polymer is annealed by heating 
between 80 and 130'C there is a small decrease in density(61) reflecting a reduction in 
free volume. This results in a large drop in impact strength(70-73). 
Although somewhat more expensive than general purpose thermoplastics, PC has 
established itself because of the following attractive features: 
1. rigidity (up to 140'C)(74) 
2. toughness (up to 140'C)(11,74-76) 
transparency 
4. very good electrical insulating properties 
5. virtually self-extinguishing 
PC is chosen for a great number of applications due to the combination of properties it 
possesses, and because it is relatively easily processed. It is the mechanical properties 
of PC that have been of the greatest significance in its increasingly widespread range of 
applications. However great care must be taken when designing articles as sharp 
cracks/notches lead to premature failure(71,7ý). The tolerance of BisPhenol-A 
polycarbonate to different chemical media can greatly affect the areas of application. 
Bisphenol-A polycarbonate solvents are proton donors eg. chloroform, cis 1,2 
dichloroethylene, methylene chloride, 1,1,2-trichloroethane and 1,1,1,2- 
tetrachloroethane. Swelling effects are observed with many organic liquids of similar 
solubility coefficient, including acetone, benzene, carbon tetrachloride and ethyl acetate. 
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A number of substances exist which neither attack the polymer molecule chemically nor 
dissolve it, but cannot be used because they cause cracking of fabricated parts. The 
likely reason for this, is that the substance has sufficient solvent action to soften the 
surface of the part to such a degree that the frozen-in stresses tend to be released, with 
the consequent cracking of the surface. This environmental stress cracking (ESC) is 
probably the most well documented problem associated with the useof PCM-79). PC 
exhibits environmental stress cracking in various media such as hydrocarbon vapours, 
moisture at elevated temperatures and soap solutions. Environmental stress cracking 
leads to embrittlement and premature failure. 
3.2.3 Materials 
The materials used in this project were as shown below. The PETP's selected were 
B90N, (a faster crystallising injection moulding grade) and T100S (an extrusion 
grade). The PC's were chosen to show the effect of PC molecular weight on the blend 
from 121 (a low molecular weight PC), through 161 to 154 (a high molecular weight 
extrusion grade PC). 
Grade Code Intrinsic Properties in 
Viscosity dl/g appendix 
PETP B90N B 0.82 1 
Melinar, ICI T100S T 0.82 1 
PC 121 w 0.52-0.54 2 
Lexan, GE Plastics Ltd 161 X 0.54-0.56 2 
154 Y 0.54-0.60 2 
3.3 Controlled drying of PETP/PC blends to prevent hydrolysis 
Most engineering plastics are hygroscopic; ie. they absorb moisture. This is 
particularly true of poly(ethylene terephthalate) and bisphenol-A polycarbonate. Water 
sorption depends on many parameters, notably; temperature, shape of the sample 
(specific surface area), relative humidity and also the microstructure and morphology of 
the polymer matrix(10,11). 
Generally it is assumed that water diffusion proceeds firstly in the amorphous regions 
of PET?, and when hydrolysis occurs it is within this region. PETP is very 
hygroscopic up to 0.5% which is the saturation water contentIM2). 
Polymers containing ester groups have a predisposition for undergoing chain scission 
by hydrolysis, resulting in degradation and a loss of polymer properties("- "). 
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Studies of hydrolytic stability have been carried out on PETP(85,16) and on 
I 
a 
polycarbonate(87-89). These show that poly(ethylene terephthalate) is very prone to 
hydrolysis(l). 
At moderate temperatbres and humidities hydrohjdc degradation was shown not to cause 
serious changes in PETP over a test period of several years; the lowest temperature 
quoted for significant deterioration in properties of PETP was 87'C(90), however, PC is 
affected at temperatures as low as 50'011). 
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Hydrolysis is the reaction of a condensation polymer with water, resulting in 
degradation (a cleavage of the main oxygen containing bond). In the case of PETP, 
degradation causes scission at ester links only, vinyl ester and carboxyl end groups are 
formed by random scission of ester bonds. 
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The extent of degradation of PET? can be determined by measuring the increase in 
carboxyl group content and decrease in solution viscosity("). 
Hydrolytic degradation of bisphenol-A polycarbonate leads to break down to 
bisphenol-A. 
Solid-phase hydrolysis takes place primarily in the amorphous regions of PETP; this 
means that as the degradation proceeds, the density of the polymer increases as the 
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relative crystalline content increases. As the degradation proceeds the mechanical 
properties of PETP and PC are substantially affected. In the case of PETP, as the 
molecular weight decreases PETP crystallises more readily and further embrittlement 
may occur. In addition, PC will also stress-crack in water/humid environments at 
moderate temperatures; this, together with the hydrolysis, means that mechanical 
properties of PC rapidly deteriorate. 
During melt processing, blends of PETP and PC can be subjected to temperatures of 
300'C. The rate of the hydrolytic degradation reaction in the melt state is extremely 
fast. Zimmerman(16) stated that carboxyl end groups in PET? are of interest, not only 
because do they reflect the extent of degradation but also because they actually affect the 
hydrolytic stability. The hydrolytic cleavage of the polyester chain in water at 100'082) 
and in the melt(16) is catalysed by the carboxyl group (autocatalytic). 
The principle cause of intrinsic viscosity drop for PETP is hydrolytic degradation. 
When moisture is present in the melt, the polymerisation reaction is driven backwards 
breaking up the large chains into smaller units(91). Polymer degradation results in a 
reduction in molecular weight and decrease in melt viscosity. This can affect injection 
moulded products with a subsequent reduction in strength and toughness in finished 
parts. An increase in melt flow can cause(61): 
a) overpacking during injection moulding 
b) sticidng in runners and mould cavity 
C) flash 
If the problem is severe, moulded parts of PETP resins will fail in a brittle fashion with 
very little applied stress (a fine void structure being revealed in the fracture surface) this 
is the result of decomposition(64). Moisture levels of 0.04% drastically affect unnotched 
impact performance(92). 
PET? and PC require thorough drying prior to processing to prevent degradation in the 
melt(86). Virgin PETP is normally supplied in moisture proof bags with a moisture level 
up to 0.04%(92). Recommended lower levels of moisture in granules differ, but the 
majority recommend drying to less than 0.004% (40 ppm) moisture, suggesting that all 
granules should be thoroughly dried before use. 
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There is little doubt that the most successful drying of polymers is performed in a 
dehumidifying hopper drier. Coleman(92) suggested the need for these driers for PETP 
and Baumer('O) adopted this practice for PC. 
A dehumidifying drier (operating correctly) can dry PETP resin adequately in a short 
period of time. However, the recommended temperature and drying times vary from 
manufacturer to manufacturer. ICI (Mehnar) infon-nation shows that drying of PETP in 
this type of hopper takes 10 hours at 150'C (in industrial terms this is uneconomic) and 
5 hours at 190'C. However, the rate of hydrolysis is temperature dependent and 
increases with increasing temperature (it occurs very slowly at 150'Q and consequently 
some compromise is reached such as 175'C for 4 or preferably 6 hours. Hopper driers 
are therefore designed in accordance with the appropriate residence times, for a given 
material throughput. 
In this program the blends were dried in 10kg batches prior to processing. Rapid 
economic drying was not the overriding concern in this project and PC has a preferred 
drying temperature (120'C) which is lower than PET?. So to ensure that PETP was 
dry and that the PC did not degrade it was decided to compromise and dry the pre- 
blends at 150'C for 10 hours. The temperature was reduced to 100'C prior to 
processing. It should be remembered that, particularly for PC, excessive drying times 
may affect mould release performance during processing due to reduced melt viscosity 
and increased melt flow because of degradation. 
3.4 Compound extrusion 
Material is extruded when it is pushed through an opening or orifice; usually this is 
terrned the die. As material passes through the die, it acquires the shape of the die 
opening; for example, a circular opening makes a continuous rod, an annular one 
makes a tube and a naiTow slit makes a flat sheet(93). 
Polymers are generally extruded in the molten state; the polymer is fed into the extruder 
in the solid state and as the material is compressed and melted, it is conveyed under 
shear by the extruder screw from feed port to the die; the process is generally called 
plasticating extrusion(94). 
39 
Different types of extrusion and extruders will be discussed in the following sections. 
3.4.1 Single screw extruders/compounders 
For many years single screw extruders have been used for a variety of compounding 
applications and are generally still more common than twin-screw extruders (although 
used less for compounding). 
The principle method of operation involved in the single-screw extruder is that of a 
straightforward screw pump, the action of which depends on the material in the screw 
channel being sheared between the barrel and screw. Figure 19 shows the cross- 
section of a typical single screw plasticating extruder. Generally the materials (pellets, 
granules or powder) are gravity fed from the feed hopper into the extruder barrel. The 
hopper is normally kept full so that output is related to the capacity of the screw, the die 
geometry and the screw speed. After entering the helical screw channel via the feed 
pocket the polymer passes in turn through the feed,. compression and metering sections 
of the screw. The channel is relatively deep within the feed section, the function of 
which is to convey the solids. Some preheating does however occur at this stage. In 
the compression section the channel progressively decreases in depth, so that the 
combination of mechanical work from the screw and the barrel heating lead to 
progressive melting. The shallow metering section is designed to control output of the 
machine, generate the necessary delivery pressure as well as mix the melt. 
Figure 19 Diagrammatic cross-section of a typical single screw plasticating extruder. (After Fenner 
(95)) 
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The small degree of mixing achieved in the metering section means that the single- 
screw extruder will be relatively ineffective in blending two polymers (such as PETP 
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and PC, particularly if they are of high or differing shear viscosities), or in 
incorporating glass fibres or rovings without massive fibre breakage". However, the 
single-screw extruder is extremely useful for use with lower molecular weight 
polymers, or if the desired product can be shaped easily by the mechanism described; 
single-screw extrusion is suitable for many polymers in a multitude of product 
groups(93,94). 
3.4.2 Twin screw extruders/compounders 
There are problems that are inherent in the design of the single-screw extruder which 
have led to the development of twin-screw extruders(97). Mixing, for example, is 
influenced by the pressure difference between the front and rear of each flight and the 
different rotational velocity of the various layers. This in turn forces material to revolve 
inside the screw channel. The type of motion described above can mix particles 
adjacent to each other but not mix particles a few flights apart (unless there is a large 
backflow at the land or tip of the screw flights). Another problem is that the screw 
rotating inside the barrel is not able to push material forward unless there is friction 
between the material and the barrel. It is for the same reason that the material adheres to 
the screw preferentially, resulting in a rotating cylinder with no forwarding action. To 
be pushed forward the material must preferentially adhere to the barrel. Rigid 
polyvinylchloride (PVC) is a particularly difficult polymer to process in single-screw 
extruders, which rely on friction for forward motion and propulsion. When the 
material is cold, the frictional coefficient of the PVC is low, and therefore small heat 
production occurs; once the temperature is raised, the frictional coefficient increases 
greatly, and the temperature therefore rises rapidly. The limit temperature for the PVC 
is easily exceeded, and will result in degradation of the heat sensitive polymer. 
Excessive shear stresses accelerate thermal decomposition of the PVC in the continuous 
screw channel. - 
Under the general heading of twin-screw extruders there are machines which have 
widely different designs and characteristics. The most important basic subdivision 
depends on the position of the screws in relation to one another. There are extruders 
with intermeshing and non-intermeshing screws. Non-intermeshing twin screw 
extruders are double-screw machines where the centre line distance between the screws 
is larger than the sum of the radii of the two screws. 
The conveying in non-intermeshing twin-screw (NITS) extruders is similar to that of a 
single screw, but has less positive conveying characteristics because of the apex area 
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(Figure 20). However it has better back mixing characteristics than a single screw 
extruder. Therefore NITS extruders are primarily used in blending operations (low 
viscosity materials), devolatilization and chemical reactions. The inferior conveving 
characteristics however, make it less desirable for preblending and for profile 
extrusion. 
Figure 20 
Cross-section of a Non- 
intermeshing Twin Screw 
Extruder. (After Rauwendaal (94)) 
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The direction of rotation of the screws, which has little effect on the NITS extruders, 
assumes great importance when the screws intermesh. Extruders with intermeshing 
screws must therefore be divided into two groups: 
1. Counter rotating, in which the screws 
rotate in opposite directions 
2. Corotating, in which the two screws 
rotate in the same direction /C 
3.4.2.1 Intermeshing counter rotating twin-screw extruders 
The screw velocities in the intermeshing region are in the same direction; therefore 
material will have a strong tendency to flow through the intermeshing region. If the 
clearances between the two screws are limited, the flow through the intermeshing 
region will be reduced, resulting in a bank of material accumulating or tumbling (eg. 
PVC powder blends) at the entry of the intermeshing region. The material drawn into 
the nip will exert considerable pressure on the two screws, which can cause high 
bearing load, or deflection of the two screws. Therefore counter-rotating extruders 
generally run at low speed to avoid excessive pressures developing in the intermeshing 
region. By designing screws with larger clearances, screw speeds can be increased, 
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but only at the expense of some conveying efficiency. nus, the maximum allowable 
screw speed is often a good indication of the conveying characteristics of the machine. 
A high maximum screw speed (100 to 200 rpm) indicates a machine with less 
conveying efficiency, thus continuous chemical reaction processes are a likely area of 
use(94)- A low maximum screw speed (20 to 40 rpm) indicates a machine with more 
positive conveying characteristics, PVC or profile extrusion being the most likely area 
of application. 
The best-known use of twin screw equipment is in the manufacture of extruded 
products from rigid PVC formulations(99-102). For this application intermeshing counter- 
rotating twin-screws are used in most cases with relatively low screw speeds (15 to 30 
rpM)(103). The main reason for using twin-screw extruders for rigid PVC is the 
phenomenon whereby the ffictional coefficient shows an increase with temperature (as 
discussed). Thus, it is necessary to avoid high, continuous shear which leads to poor 
temperature control and premature decomposition, as seen in a single-screw extruder. 
For the extrusion of rigid PVC compounds, it is thus desirable to provide the heat 
required for melting through conduction rather than creating heat by friction. Counter- 
rotating twin-screws provide an excellent means of heat transfer because of the high 
specific surface area. Also, the interaction of the screws provides adequate mixing of 
the product and creation of new surfaces for exposure to the heated barrel surface. 
Conveyance in the counter-rotating twin-screw does not depend primarily on friction or 
die-head pressure, and it is possible to generate the pressures required for extrusion 
without excessive development of frictional heat and keep residence times short. 
3.4.2.2 Intermeshing co-rotating twin-screw extruders 
(compounders) 
The most important type of intermeshing extruder is the high speed extruder used in 
compounding(94) and devolatilization(104-105). This project required the blending of two 
polymers so that system will be discussed here. Compounding includes material- 
combining processes such as(106) : 
incorporation of additives, including stabilisers, Pigments, fillers, lubricants, 
fibres etc. (107) 
mixing of polymers into a homogeneous blend. 
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Other processes include material-separation and reaction processing. 
The large range of demanding compounding operations has led to the design and 
development of specialized compounding machines(IOI). The versatility of these 
Compounders with closely intermeshing co-rotating twin-screws is of prime importance 
to the compounding industry and in research establishments. The flexibility of these 
machines is epitomised by the modular construction of the screws(109) which facilitates 
different screw profiles for different compounding operations(101). Not only can screw 
elements of different lead be used, but also kneading elements. Kneading elements 
permit high amounts of energy input at specific locations along the screw(91), and are 
incorporated according to the respective demands of high output and effective 
dispersion of constituents. 
The different stages of compounding will now be discussed. 
Feed mechanism 
Since in most cases the conveying capacity of the feed system exceeds the melting 
capacity, it is necessary to starve feed the twin-screw compounders to avoid excessive 
torque. As these machines are starve fed there are two primary control variables - feed 
rate and main screw speed. The feed rate can be controlled by independently-operated 
feeding devices such as -- 
0 volumetric screw feeders 
0 volumetric vibratory feeders 
0 gravimetric screw feeders 
0 gravimetric belt feeders 
The rotational speed of the extruder screws is a separate control variable(16). 
Hornsby(108) showed that output also depends on material type and characteristics 
(granules or powder, bulk density, etc. ). 
Conveying 
Once the twin-screw picks up the plastic material (powder, pellets, flakes, regrind) at 
the feed throat, the feedstock is conveyed forwards along the barrel. All particles are 
pushed forward continuously and uniformly. The material, be it molten or semi- 
molten, is constrained and physically prevented from rotating with the screw, because 
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of the intermeshing and 'self-wiping' nature of processingO 10). As the material is 
conveyed towards the mixing section, it absorbs heat, and compression of the particles 
occurs at the intermeshing point. 
Janssen and Smith(110-111) investigated the mixing properties of different types of 
extruders, in terms of displacement and leakage through gaps. Hornsby(112) extended 
this work and concentrated on flow and mixing phenomena in co-rotating twin-screw 
extruders; this work is more practically-based than the work of Janssen and Smith. 
The research however concentrated on the helical screw forms which convey the 
material. Figure 21 gives an overall picture of how distributive mixing occurs in the 
conveying screws. In this type of closed co-rotating intermeshing extruder material (at 
the intermeshing point) cannot continue on the same screw, since the flank of the screw 
flight penetrating the adjacent channel acts as a wedge, forcing the material onto the 
other screw. 
Figure 21 
Interchannel flow paths through the 
intermeshing zone. (After Hornsby (112)) 
This is the major route for material transfer; however material may also flow back 
across the intermeshing zone and mix with the material flowing forward in the upstream 
channel. This results in a division of flow across the intermeshing zone, creating a 
large degree of mixing. Further leakage (for example between the flight lands of the 
screws) does occur but these do not contribute significantly to the mixing performance, 
relative to the mixing zone itself (see below). 
Mixing 
Distributive mixing involves the movement of fluid particles, blobs of 
fluid or clumps 
of solid from one spatial location in a system to another. This type of mixing can 
be 
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achieved by a simple bulk rearrangement of the material. This Idnd of mixing, through 
repeated arrangement of the minor component, can in principle reduce nonuniforrnities 
to the molecular level(113). Distributive mixing depends on total imposed levels of 
strain/deformation (usually shear). 
Some components such as carbon black agglomerates and visco-elastic: polymer 
aggregates break up only on reaching a certain yield stress, these local stresses play a 
decisive role in the mixing operation. This kind of mixing is referred to as dispersive 
mixing, (113)which depends on maximum applied shear stress(113). 
Todd and Irving(114) examined the dispersive mixing of materials with agitators in 
closely intermeshing co-rotating twin-screws. Figures 22 and 23 show how the tip of 
each agitator wipes the wall as well as the other paddle. When the barrel is full the tip 
of the agitator smears material against the wall and displaces material between the two 
barrels under high shear stress. It can be seen in Figure 22 that while agitator A is in 
close proximity with its own barrel wall, agitator B is protruding into the same barrel. 
In this way material is forced to transfer, causing axial (distributive) mixing. 
Figure 22 
Cross-section of the mixing 
paddles. (After Todd and Irving 
(114)) 
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Figure 23 
The self-wiping mechanism of the 
mixing paddles. (After Todd and 
Irving (114)) 
The efficiency of mixing of the intermeshing co-rotating twin-screw extruder has been 
the subject of various investigations(106-108,111-116) and these have shown that the 
compounder is versatile enough to disperse fibres, fillers, pigments and other polymers 
in the virgin matrix, whilst maintaining commercially-acceptable output rate. 
Ventin g/Degasifi cation 
It is sometimes necessary to vent compounders so that volatiles can be removed from 
the melt. With appropriate screw design it is relatively easy to expose a large area of 
the screws to a devolatilizing opeping, by using a decompression principle. The 
venting section has a low filling ratio and so the solid material remains in the extruder 
whilst volatilisation occurs, thus avoiding flooding of the vent port by surging material. 
Although the material in the venting section does not nearly fill the channels, the 
intermeshing and self-cleaning action of the screws ensures no particle remains prone to 
degradation by excessively high residence time. 
Discharge 
The positive displacement nature of the rotating screws in the discharge zone pushes the 
material along the barrel to the die. Every die, like any other restriction to flow, 
provides a resistance to the forward conveying efficiency; therefore a certain pressure is 
built up in the discharge screws, flight by flight, in order to overcome this resistance 
and enable the material to flow through the die. Output rate though, is usually 
controlled only by the starved feed rate of constituents. 
Residence time distribution 
The time required for the material to advance along the screws depends upon the screw 
speed(104), and also on the configuration of the screws themselves. The residence time 
before the point where the material melts is of importance in the design of the extruder, 
as during this time the material should be preheated in preparation for melting. 
After 
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this point the residence time is important as an excessive residence may mean the 
degradation of thermally unstable resins, such as PETP and PC. 
Todd(117,118) has measured residence time distributions in twin screw extruders and 
related these data to the axial mixing phenomena, providing a fundamental basis for 
scale-up, thereby leading to improved equipment design. If little axial mixing is 
required then screws with very low helix angles are used. In a co-rotating twin-screw 
the positive pumping action and self-cleaning ability of the compounder mean that the 
residence time is controllable. A narrow residence time distribution may be essential to 
limit further widening of the molecular weight distribution in polymers such as PETP 
and PC which undergo hydrolysis. Homsby(101) showed that the average residence 
time decreased, as expected, with increasing screw speed. It was also noted that 
residence times are material dependent and could be affected by anything which alters 
the rheological properties of the feedstock. Also, design of the mixing section, and 
degree of restriction caused by orifice plugs affects residence times. 
Screw configuration 
One advantage of co-rotating twin-screws is their versatility; the screws can be tailor- 
made for each compounding operation due to the fully-segmented design of the 
agitators. The compounder used in this study is a MPC/V30 APV co-rotating twin- 
screw extruder. This MPC/V30 had shafts with key ways at 90' to each other, so the 
screw components could be aligned in the required orientations. As well as a core on 
which the slip-on agitator parts are assembled, the shaft transmits mechanical energy 
from the drive to the components. The shaft is precision machined and wear-resistant. 
The screw components that can be used to design a screw configuration are shown in 
Figure 24 and the functions of these components will be discussed here. 
Feed screws convey the materials down stream from the feed port, from feed 
sections into mixing sections (which have less forwarding capability), and over 
restrictive orifice plugs. Feed screws have a double lead with a pitch of one or 1.5 
diameters (see Figure 24). 
Paddles are the primary working components of a screw configuration. It is the 
motion of the agitator paddles relative to each other and the barrel that induces 
high- 
shear conditions causing melting and dispersive mixing of polymers and compounds. 
PP. ddle pairs (on adjacent shafts) must always be oriented at 90' to each other otherwise 
the shafts will not turn. 
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With consecutive paddles on the same shaft, the relative orientation of the paddles (see 
Figure 24) can determine the mixing and forwarding characteristics of the mixing 
section. The conveying ability of different orientations is shown below: 
Low 
Best 
V`F 
F forwarding 
R reversing 
45'F 
Mixing/residence time 
Conveying 
Ability 
60T 9w 60'R 45'R 30'R 
More work is done in the mixing section if it is full of material, which depends in turn 
on the size of the orifice plugs together with the feed rate. 
High 
Least 
49 
Figure 24 Twin screw components 
---- - ----- --------- ---------- 
ED SCREW 
FADOLE 
ORIFICE PLUG 
BARREL V 
OPEN 
PAIR OF 
ORIFICE 
PLUGS 
-- --- ------ --- 
---------- ----------- DISCHARGE 
PLUG 50.62 
CAMEL BACK DISCHARGE SCREW 
(Reproduced courtesy of APV Chemical Machinery Ltd, Stoke on Trent) 
Olifice plugs are a restrictive device used to hold and restrict the flow of melt in the 
mixing section of compound extruders. The orifice plug diameter and thickness 
determine the filled length within the mixing section immediately upstream of the plugs. 
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A barrel valve is always used in conjunction with orifice plugs which are located 
immediately beneath the barrel valve vane. Tle barrel valve allows fine adjustment on 
the filled length of the mixing section, by altering the total degree of restriction at the 
orifice plugs. 
Camelback Discharge Screws have a unique shape due to their multiple function. 
As well as conveying the final product in the discharge zone, the individual design 
maintains the self-wiping action whilst exposing fresh polymer surface for 
devolatilization. The wide flight land means that the camelback can function as the 
downstream bearing and support the shaft. 
Other types of conveying and mixing systems exist in other commercial designs; most 
are based on similar principles to those described above. 
3.4.3 Experimental 
3.4.3.1 The co-rotating twin-screw compounder 
The MPC/V30 to be used in this study is the laboratory model of the Baker-Perkins 
range, the specifications are shown in Table 7. The MPC/V compounder has a large 
range of operating variables (see Table 8), enabling it to cover the wide range of 
functions that are essential in research work. 
Table 7 Specifications for MPC/V 30 twin-screw extruder 
Screw diameter 30 mm 
Centre distance 27.5 mm 
Flight depth (Feed zone) 
Direction of screw rotation 
L/D ratio 
Screw speed 
Main drive 
5 mm 
co-rotatin g 
13/1 
up to 500 rpm 
3.1 kW at 600 rpm 
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Table 8 MPC/V Operating variables 
Screw configuration 
Specific energy input 
Residence time 
Melt temperature 
Melt pressure 
Screw speed 
Torque 
L/D 
FeeA &te I Oapub Rake. 
3.4.3.2 Screw configuration 
The screw configuration for mixing poly(ethylene terephthalate) and bisphenol-A 
polycarbonate was proposed in conjunction with the machinery manufacturers, taking 
previous experience into account (see Figure 25). 
Figure 25 Screw configuration 
VAWýM 
. 
B&WF-L 
VALV E 
oelficiE PLU(f 
5HAFT 
The MPC/V has an easy opening clam-shell barrel which facilitates opening for 
maintenance, cleaning or configuration changes. Before any agitator assembly is 
attempted, the shafts and slip-on components must be clean. Of special concern are 
keyways, keys and mating faces of the components, residual material in these areas 
may cause difficulties in assembly (as well as making disassembly difficult) and 
straining of the shafts may result. Once the shafts and keyways are clean, the shaft 
should be lubricated with a high temperature anti-seize compound before the screws are 
made up. 
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3.4.3.3 Method of operation 
Once the screws were installed with the new configuration they were rotated by hand to 
ensure correct alignment. The clam-shell barrel was closed, the heaters set to the 
appropriate temperatures and allowed to reach equilibrium. The MPC/V was started at 
100 rpm and then the feed was started at a low rate, so that the molten polymer could 
lubricate the system. The screw speed and feed rate were then increased alternately up 
to the desired rates. The compounder was used as a one-stage mixer with both 
components added at the start as a preblend. PETP and PC were blended in a tumble 
mixer and dried together at 150'C for 10 hours in a Conair Churchill dehumidifying 
hopper drier, prior to processing. The polymer passed from the hopper drier into the 
metered volumetric feed hopper and feed screws conveyed the granules to the mixing 
section made up of 45' and 60' paddles. The angle refers to the angle between the 
paddle and its neighbour (downstream). It can be seen that severity of mixing 
increased along the barrel and the mixing section was maintained at an appropriate 
degree of fill by the orifice plugs and barrel valve. Barrel (water) cooling was 
employed, to restrict the development of excessive melt temperature due to excessive 
shear. The camelback discharge provides an even delivery to the 2 strand die. The 
strands pass into the cooling water bath and out. through the hot air drier into the 
pelletizer where the blend granules are collected. 
To shut-down initially the feeder is stopped and the system then purged with high 
density polyethylene, before burning off the screws. 
3.4.3.4 Blend compositions 
As indicated previouSly(26,55) it is believed that the PETP/PC 80/20 blend shows 
improved properties, so it was decided to investigate compositions close to this level 
(Table 9). 
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Table 9 Blend make-up 
RATIO 
PETP PC W/W V/V CODE* 
B90N'B' Virgin 13100 
121'NV' 85/15 83.64/16.36 B85W 
80/20 78-03/21.07 B80W 
75/25 73.03/26.97 B75W 
Virgin wo 
161X 85/15 83.64/16.36 B85X 
80/20 78.03/21.07 B80X 
75/25 73.03/26.97 B75X 
Virgin X0 
154 Y 85/15 83.64/16.36 B85Y 
80/20 78.03/21.07 B80Y 
75/25 73.03/26.97 B85Y 
Virgin YO 
T100S 'T' Virgin T100 
121 W 85/15 83.64/16.36 T85W 
80/20 78.03/26.97 T80W 
75/25 73.03/26.97 T75W 
161 X 85/15 83.64/16/36 T85X 
80/20 78.03/21.07 T80X 
75/25 73.03/26.97 775X 
154 'Y' 85/15 83.64/16.36 T85Y 
80/20 78.03/21.07 T80Y 
75/25 73.03/26.97 T75Y 
*Number refers to percentage PETP 
(See Table 10 for key) 
Table 10 Key 
Material Material and Proce ssing Code 
Information 
B90N Appendix I B 
T100S I T 
121 2 w 
161 2 X 
154 2 Y 
Level (W/W) 
100 Virgin PET? 100 
85/15 85 
80/20 80 
75/25 75 
0 Virgin PC 0 
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3.4.3.5 Processing conditions 
The blending was carried out so that a constant torque level was achieved, other 
parameters such as screw speed, feed rate and temperature were kept as constant as 
possible without sacrificing the product. 
Set Temperature (*C) Screw Feed Feed Rate 
Zone (see Figure 26) Speed Setting 
Blend 1 2 3 4 rpm (g/min) 
B85W 282 270 260 220 260 111 120 
B80W 276 272 260 220 260 118 132 
B75W 270 265 261 220 260 122 139 
B85X 285 270 260 220 260 ill 120 
B80X 285 270 260 220 260 ill 120 
B75X 285 270 260 220 260 ill. 120 
B85Y 282 270 260 220 260 ill 120 
B80Y 282 272 260 220 260 ill 120 
B75Y 282 270 260 220 260 ill 120 
MW 282 272 260 220 260 ill 120 
T80W 281 272 260 220 260 ill 120 
T75W 281 272 260 220 260 121 127 
T85X 285 270 260 220 255-260 131 155 
T80X 276 272 255 220 255 120 136 
T75X 270 272 254 220 255 113 123 
T85Y 282 272 260 220 260 116 129 
T80Y 275 272 260 220 260 122 139 
T75Y 275 272 260 220 260 ill 120 
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Figure 26 Temperature zones 
3.4.3.6 Processing results 
Actual temp (*C) Torque+ Die head Haui-ofr Pelletizer Output Zone Pressure Speed Speed 
Blend 1 2* 3 4 % Nm (MPa) (m V) (kg/hr) 
B85W 271 Z75 197 65-70 38.5-41.5 12.75-13.15 4.5 7.2 
B80W 269 273 197 70 4.5 11.97 14.6 7.9 
B75W 261 Z73 197 70 41.5 11.87 14.6 8.3 
B85X 274 Z72 198 65-70 38.5-42.5 12.46-12.65 9.6 7.2 
B80X 277 773 194 70 41.5 12.95-13.05 13 7.2 
B75X 273 Z73 198 65-70 38.5-41.5 12-36 14.6 7.2 
B85Y 273 Z72 196 70-75 41.5 13.54 5 7.2 
B80Y Z73 Z73 199 70 41.5 13.44 5 7.2 
B75Y Z73 Z75 198 65-70 38.5-41.5 13.15 5 7.2 
T85W Z73 Z75 197 so 47.4 14.13 5 7.2 
T80W Z70 Z70 198 75-80 44.4-47.4 14.98 5 7.2 
T75W Z72 Z71 197 75-80 44.4-47.4 12-07 5 8.2 
T85X Z73 775 198 80 47.4 11.87 4.75 9.3 
TSOX 266 274 198 80-85 47.4-50.3 13.64 4.8 8.2 
T75X 261 271 198 80-85 47.4-50.3 11.97 14.6 7.4 
T85Y 273 zn 196 75-80 44.4-47.4 11.67 14.6 
T80Y 268 Z77 196 90-95 53.3-56.2 13.64 (14.6) (5) 8.3 
T75Y 268 Z78 197 85-90 50.3-53.3 14.72 (14.6) (5) 7.2 
+ s- Appendix 3 for the conversion of Torque (%) into torque (Nm) 
*the temperature in zone 2 could not be recorded due to a fault 
3.4-3.7 Compounding discussion 
Blends with B90N (B), the injection moulding grade, were processed at a constant 
torque level (70%) or as near to it as possible whilst still producing a reasonable strand. 
It can be seen from the results that the torque level is reasonably constant as required, 
but die head pressure increased as the molecular weight of the PC portion of the blend 
increased. However, the temperature in the mixing zone is remarkably constant for all 
blends and is consistently higher than the set temperature, showing as expected that 
there is a great deal of shear heating in the mixing section. 
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Blends of B90N with 154 (Y) were far easier to process than 161 (X) and 121 (W), the 
strand produced was even and had good melt strength so that the strand could be drawn 
thin enough to use the pelletizer throughout the run. This is probably a reflection of the 
greater viscosity and elasticity in the higher molecular weight PC, 154. 
The effect of increasing the molecular weight of the PC component has the effect of 
raising the die head pressure, this reflects the increasing shear viscosity of these blends 
with increasing molecular weight of the component (see later). However the increase in 
viscosity of the blends that occurs with increasing PC content is not discernible by 
looking at the die head pressure values. Blends with PET? T (the extrusion grade with 
higher shear viscosity, see later) proved difficult to process at 70% torque at equivalent 
output rates, so these blends were extruded at a torque level as near to 80% as possible. 
The blend of B90N (B) with 121 (W) produced an acceptable strand, but the melt 
strength was insufficient to permit use of the pelletizer. However with T100S (T) and 
the low molecular weight PCJ.,. 41 processing was relatively simple. Strand produced 
was smooth and uniform, and it was possible to use the pelletizer throughout 
processing. It appears the extrusion grade PETP (TlOOS) increases the melt strength of 
this blend whereas B90N could not. It is also possible that more elastic die swell and 
resistance to self-loading affects occurred. It is interesting to note in the TY blend at the 
80/20 level exhibits the highest torque, but the die head pressure increases as PC 
content increases. 
It proved impossible to pelletize some of the blends directly; first they had to be hauled- 
off and then subsequently pelletized with increased pelletizer speeds to cope with thick 
and uneven strands. The main problem encountered with these blends was die swell, 
which caused non-uniform strands. These could not be pelletized due to the pelletizer 
stalling on thick sections of the toughened blend and thus ceased to draw the strand 
effectively. A solution to this involved the haul-off which pulled the strands evenly 
away from the die and through the water bath. This system was not affected by strand 
thickness. 
Another problem encountered initially with some of the blends, was low melt strength, 
resulting in failure of the strand before it could be threaded through the water bath and 
into the pelletizer (or haul-off). This problem was satisfactorily reduced by raising the 
water bath closer to the die, so that the strand was quickly quenched after leaving the 
die. 
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3.5 Injection moulding 
Injection moulding is, in principle, a simple and effective process. The process 
involves taking thermoplastic material from a hopper and plasticating it in an 'extrusion' 
barrel. It is then injected axially, under pressure, into a relatively cold mould which is 
clamped closed. Cooling occurs under conditions of near constant mass and volume, 
where the material solidifies in the shape of the cavity. The article is ejected and the 
cycle is repeated. 
The principle stages of the injection moulding cycle are(119): 
i) plastication (and hence melting) of the ]polymer to be injected(120.121) 
ii) injection of molten polymer at relatively high flow rate from the reservoir, 
through the nozzle, sprue, runners, gates and into the mould cavities(112) 
iii) packing of the molten polymer in the mould at high pressure to ensure complete 
filling and minimise the effect of thermal shrinkage(123-125) 
iv) cooling, and hence freezing and crystallisation (if appropriate) 
V) ejection, removal of the solidified products from the mould cavities and waste 
from the rest of the mould (runners etc)(126) 
A typical reciprocating screw injection moulding machine is illustrated in Figure 27; the 
method of operation is as follows. 
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Figure 27 
Reciprocating screw 
injection moulding 
machine. 
(After Crawford (127)) 
The two mould halves tightly close, usually a hydraulic system is employed 
which involves oil (under pressure) being introduced behind the piston 
connected to the moving platen of the machine. This causes the mould to close. 
The clamp force can be adjusted so there is no leakage of molten plastic from 
the mould (flash). 
2) The screw (not rotating) moves along the barrel, acting like a plunger, and 
injects plasticised material into the mould. 
3) Pressure is maintained through the nozzle as the screw remains forward and the 
material starts to cool. 
4) New material is drawn into the barrel by rotating the screw, it is plasticised and 
pushed forward to the front of the screw. This creates 'back-pressure' forcing 
the screw back until enough material has been plasticised for the next shot. 
5) The mould opens and the part is ejected. The mould then closes and the cycle 
repeated. 
3.5.1 Injection moulding of Poly(ethylene terephthalate) 
More care has to be taken in injection moulding PETP than most other thermoplastics, 
as incorrect procedure can bring about a rapid deterioration in polymer properties. This 
occurs due to hydrolytic and thermal degradation in the melt, the former being the major 
cause of molecular weight loss. 
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Schaul(91) carried out an investigation into the drying and injection moulding of PETP 
for beverage bottle preforms. Injection moulding of preforms is the first stage of the 
reheat and blow-moulding process for making bottles. The main objectives of the 
injection moulding stage are to retain the polymer's molecular weight, to minimise 
acetaldehyde generation (which is greater if hydrolysis occurs) and to obtain a clear 
amorphous preform. Schaul's paper is concerned with moulding PETP homopolymer 
with an intrinsic viscosity of 0.73 dl/g. He found IV drop was associated with 
improper drying, acetaldehyde generation with heat history, and clarity problems with 
crystallisation. 
If PETP is not dried thoroughly hydrolytic degradation occurs, resulting in a viscosity 
drop. Any residual moisture present when PETP is heated above the melting 
temperature will rapidly hydrolise the polymer, then-nal degradation is another source of 
viscosity reduction(128). 
PETP has found limited use in other injection moulding applications due to its slow 
crystallisation rates; however 'modified' (nucleated, filled etc) PETP polymers have 
been used. Axtell(129) did a great deal of work examining PET? shear and elongational 
viscosity, noting the effects of temperature, shear rate and other material-related 
variables. This work was taken into account in selecting the moulding conditions, 
along with the producer's recommended conditions (Appendix 1). 
3.5.2 Injection moulding of Bisphenol-A-Polycarbonate 
The vast majority of PC is injection moulded, and an important aspect (as with PETP) 
is to keep the material dry. PC impact strength is significantly reduced by inadequate 
drying and/or by atmospheric exposure after drying. PC, like other thermoplastics, is 
best moulded using a quick injection fill, and hold-on time long enough for the gates to 
freeze and a brief cool period. A slower fill can prevent 'sunburst' flow and jetting in 
both spur-gated and edge-gated parts, and can reduce sinks and voids in thick walls. 
Typical moulding conditions are given in Appendix 2. Stock and barrel temperatures 
are higher than for most other thermoplastics due to the rigid molecular backbone of PC 
which leads to a high Tg and high melt viscosity. 
Polycarbonate mould shrinkage is low because it is amorphous and because of the rigid 
nature of the macromolecule. This low mould shrinkage can cause ejection problems; 
however this can often be overcome by appropriate mould tool design, using an 
appropriate number and position of ejector pinS(61). 
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3.5.3 Injection moulding of Polyester/Polycarbonate blends 
Once again, when processing blends of PETP/PC, thorough drying before 
compounding and then again before injection moulding, is necessary. 
The investigations which have examined the properties of PETP/PC blends have mostly 
involved compression moulding of samples. However Chen and Birley(26) successfully 
injection moulded PET? /PC over the whole range of compositions using the conditions 
in Table 11. 
Table 11 Injection moulding conditions for PETP/PC blends 
Composition Temperature (*C) Time(s) Injection Screw 
Pressure Speed 
PC/PETP T1 T2 T3 Tnozzle Tmould Injection Cycle (Mpa) (rpm) 
0/100 220 248 266 268 70-80 20 40 112.5 100 
20/80 220 248 266 268 70-80 20 40 112.5 100 
60/40 220 248 266 268 70-80 20 40 112.5 100 
100/0 220 248 266 268 70-80 20 40 112.5 100 
These conditions are very similar to those that would be appropriate for virgin 
(crystallisable) PETP. From Appendix 2 it appears that PC requires higher processing 
temperatures, and for this reason higher temperatures were used when injection 
moulding the blends. 
3.5.4 Effect of moulding conditions on PETP/PC 
Polyester resins which are produced by condensation reactions can, given the 
appropriate thermal conditions, (such as in an injection moulding machine) undergo the 
reverse reaction leading to hydrolytic degradation (Sec. 3.3). This means that water 
molecules break up the large polymer chains into smaller unitS(92). During injection 
moulding PETP (and PC) are subjected to temperatures of between 280'C and 300'C 
and high shear conditions(86). The rate of degradation under these conditions can be 
very high, leading to a reduction in molecular weight. There are several undesirable 
consequences when more than a slight loss of molecular weight occurs : increased 
moulded part weight and faster crystallisation, both of which result from the lower melt 
viscosity; and decreased toughness due to the lower molecular weight and possibly 
higher crystaRinity(91). 
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A secondary source of molecular weight loss is thermal degradation. Excessive screw 
speed, which generates high shear rates in flight clearances, also lowers viscosity(91) 
since this polymer is pseudoplastic. However, significant factors are that the viscosity 
decreases little as the shear rate increases, and that high local temperatures increase at 
high screw speeds. These conditions tend to promote rupture of a semirigid chain, 
such as the PETP molecule. 
There is a tendency for polymer chains to become aligned or oriented when the melt is 
forced along channels and into the mould cavities. This orientation causes anisotropy 
in the component, this can be used by the designer as it increases strength and stiffness 
in the alignment direction. In general anything which increases the mobility of the 
molecules decreases orientation. 
Residual stresses occur when unsuitable injection moulding parameters are employed, 
this creates stresses in the mouldings which cannot be released due to high clamping 
pressure. Residual stress can lead to warping and/or distortion during ejection. 
The physical properties of PETP and blends containing PETP are strongly affected by 
the degree of crystallinity(64). Moulding conditions (particularly mould temperature) 
should be carefully selected to achieve the desired level of crystallinity. This project 
will look at the effects mould temperature and blend composition have on the 
crystallinity and properties, of injection moulded parts of PETP-PC blends. 
3.5.5 Experimental conditions 
3.5.5.1 Mould type 
It was decided for the sake of simplicity and standardisation to use just one mould type 
to mould all the different blend compositions. A double plaque was chosen as all test 
samples could be cut from plaques, and also, complete plaques were needed for 
instrumented falling weight impact testing. The double plaque mould was adapted so 
that it could be used safely with an oil heater to heat the mould, by circulating hot oil, to 
the different required mould temperatures. The mould was also insulated against the 
rest of the injection moulding machine to prevent excessive heat loss through 
conduction. 
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A diagrammatic representation of the moulding is shown in Figure528(in, -A. 29. 
Figure 28 
Double plaque 
moulding (top 
view) 
10 ( 
ý0. .1 
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Figure 29 
Double plaque 
moulding (side 
view) 
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3.5.5.2 Moulding conditions 
edrying of all PET? -containing compositions was carried out as in Section 
3.3 prior 
to processing; drying of pure PC was carried out at a reduced temperature of 120'C (as 
recommended, see Appendix 2) to prevent thermal degradation. Also, since PC 
exhibits a Vicat softening temperature of 150'C, problems could have resulted at this 
temperature from granules sticking together in the hopper drier. 
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Injection moulding was carried out on the Bipel 130/25 injection moulding machine, 
which has a maximum clamping force of 130 tonnes (1.3 MN); further technical 
information is available in Appendix 4. 
All of the moulding conditions (except mould temperature) were varied as little as 
possible throughout the blend series. One of the objectives of the study was to 
determine the interrelationships between mould temperature, crystallinity development 
in the PET? portion of the blend and mechanical properties of the blend. To this end 
mould temperatures; around room temperature, just below T. and above T. were 
investigated. The injection moulding conditions are detailed in Table 12. 
3.6 Characterisation of blends and mouldings 
In the following two chapters characterisation of the blend (obtained as granules from 
the compounder) and the mouldings will be undertaken. The composition of the blend 
and any evidence of compatibility and/or transesterification will be assessed. The effect 
of blend composition on isothermal crystallisation will be examined, as will the 
rheological properties of the blend. There may be an inter-relationship between blend 
composition, viscosity and crystallinity. 
The moulded parts will be examined to determine the effect blend composition has on 
the morphology and the crystallinity of the samples. Thereafter, some specific 
mechanical properties will be determined, including the rate of water uptake and the 
effect of hot water 4ing on tensile and impact properties. 
Table 12 Injection moulding conditions 
Blend Tcmperatum Injection Hold on Cooling Mould Injection Hold an 
code Time Time Time Temp. Pressure Pressure 
Nozzle Barrel 
(CC) (OC) (S) (S) (S) (OC) (Mpa) (MIN 
B100 295 285 275 265 2.5 20.5 99 30 80 80 
60 80 80 
90 68 68 
BW85 295 285 275 275 2.5 20.5 99 30 73 73 
60 73 73 
90 80 80 
140 57 57 
BW80 295 285 275 275 2.5 20.5 99 30 78 78 
60 82 82 
90 92 92 
BW75 295 285 275 275 2.5 20.5 99 30 78 78 
60 78 78 
90 78 78 
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Wo 280 290 280 270 2.5 20.5 99 100 103 103 
BX85 300 290 280 275 2.5 20.5 99 30 68 68 
60 68 68 
90 71 71 
140 68 68 
BX80 300 290 280 275 2.5 20.5 99 30 80 80 
60 80 80 
90 71 71 
BX75 305 295 285 280 2.5 20.5 99 30 80 80 
60 80 80 
90 71 71 
X0 280 290 280 270 2.5 20.5 99 100 103 103 
BY85 295 285 275 275 2.5 20.5 99 30 57 57 
60 68 68 
90 80 80 
BY80 295 285 275 275 2.5 20.5 99 30 80 80 
60 80 80 
90 80 80 
140 68 68 
BY75 295 285 275 275 2.5 20.5 99 30 68 68 
60 77 77 
90 80 80 
YO 290 300 290 280 2.5 20.5 99 100 103 103 
TW85 290 280 270 265 2.5 20.5 99 30 113 113 
60 113 113 
90 108 108 
TW80 290 280 270 265 2.5 20.5 99 30 113 113 
60 115 113 
90 115 115 
TW75 290 280 270 265 2.5 20.5 99 30 90 90 
TX85 295 285 275 275 2.5 20.5 99 30 78 78 
60 78 78 
90 78 78 
140 61 61 
TX80 295 285 275 275 2.5 20.5 99 30 80 80 
TX75 290 280 270 265 2.5 20.5 99 30 70 70 
60 92 92 
90 115 115 
TY85 290 280 270 265 2.5 20.5 99 30 115 115 
60 115 115 
90 115 115 
TY80 290 280 270 265 2.5 20.5 99 30 115 115 
60 115 115 
90 119 119 
TY75 290 280 270 265 2.5 20.5 99 30 112 112 
60 112 112 
90 112 112 
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4 Characterisation of the PETP/PC Blends 
lie objectives of this chapter are : 
to check the blend composition and determine any molecular weight loss in the 
blends due to processing. 
2) to use thermal analysis techniques to determine the blend miscibility. 
3) to determine the crystallinity and the rate of crystallisation of the PETP portion 
of the blend. 
4) to look at the effect of blend composition on the melt rheology of the blend. 
4.1 Characterisation 
Blend composition 
4.1.1.1 Blend composition determination using infra-red analysis 
TY blend samples were dissolved in a 60: 40 (by weight) mixture of phenol and 1,1, - 
2,2 tetrachloroethane. A film was cast from this solution on infra-red NaCl discs. Ile 
infra-red (IR) spectra of these solvent-cast films were obtained in a Pye-Unicam SP3- 
200 infra-red spectrophotorneter. 'Me IR spectrum can be seen in Appendix 5. The 
composition of the blend can be determined on the basis that the carbonyl group in 
PETP and PC has its stretching frequency at 1720 and 1780cm-1 respectively(23). 
Comparable values for the absorbance peaks were obtained for solvent-blended virgin 
materials. By comparing these with the values obtained for the extruded blend, the 
Compositions were determined. 
I, 
Absorbance = log , 
where I is the intensity of the transmitted radiation 
1. is the intensity of the incident bearn. 
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Table 14 The effect of PC content on the absorbance ratios of carbonyl 
stretching frequencies for PETP and PC at 1720 and 1780cm-1 
respectively 
PC (Y) weight fraction Solvent Blend (Standard) Compounded Blend 
A1780 A1780 
A1720 A1720 
0.9 . 98 0.25 . 36 . 40 0.20 . 32 . 34 0.15 . 26 . 29 0.01 . 20 
These results are shown graphically in Figure 30. It can be seen that as the PC content 
increases the IR absorbance ratio (1780cm-1) also increases. It can also be seen that the 
compounded blend has similar values for absorbance ratios to those expected from the 
calibration curve. From Figure 30 it would appear that the blend ratios are as stated. It 
is however important to remember that the absorbance is affected by both clarity of 
NaCl and the thickness and purity of the blend film. 
Figure 30 Effect of PC level on the ratio of carbonyl stretching absorbances 
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4.1.1.2 Confirmation of blend COMPosition 
The IR results confirm the blend compositions are in the intended ratios of PETP and 
PC showing the success of this characterisation technique. 
In order to determine the level of crystallinity of blend samples, densities were 
determined using a density column and the following results were obtained (Table 15). 
Table 15 Blend densities in g. CM-3 
PC Fraction 
PC Type 15 .2 . 25 
w 1.3416 1.3085 1.3025 
x 1.3380 1.3069 1.3042 
y 1.3393 1.3032 1.3007 
Calculated values for 1.3105 1.3040 1.2975 
amorphous blend 
Table 16 Density or PETP and PC 
Polymer Type Code Density (g. CM-3) 
PETP B90N B 1.33 amorphous 
1.40 crystalline 
(Courtesy of ICI) 
PC 121 w 1.2 
161 x 1.2 
154 Y 1.2 
(Courtesy of 
GE. Plastics) 
Comparing Tables 15 and 16 it can be seen that the density values are higher than 
would be expected if the PETP in the blend were amorphous. This is because some 
crystalline order in the granules was produced. It can be seen in Figure 31 that an 
endothermic peak is present, showing that PETP in the blend is partially crystalline. In 
fact by comparing the crystallinity and the melting peak the crystallinity in this sample is 
determined by the following: 
Crystallisation Heat of fusiort - 
Area under melting curve - Area under crystallisation peak 
PETP fraction 
68 
34.5 -7.2 
0.85 
32.11 J/g 
The heat of fusion of 100% crystalline PETP is 122 J/g 
32.11 
.. Crystallinity= 1-2-2 x 100% 
= 26% 
Crystallinity of this magnitude in the sample accounts for the increased density. A 
B85X blend containing PETP which was 26% crystalline would have a calculated 
density of 1.327gcm-1 from the following : 
Crystallinity = 
[p(sample) - p(amorphous)] x 100 
p(crystalline) - p(amorphous) 
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Figure 31 DSC awe of B85X (coinpounded granule) 
sample: BX85 
size: 9.2000 mg DSC 
Method: PET 
Comment: CRYSTALLINITY OF COMPOUNDED GRANULE 
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So, % Crystallinity = 
Simplifying, 
. 26 = 
fp(sample) - 1.3331 x 100 
1.455 - 1.333 
p(sample) - 1.333 
0.122 
. -. p(sample) = (0.26 x 
0.122) + 1.333 
= 0.0317 + 1.333 
= 1.3647 
ie. the density of the PETP portion in the sample is 1.3647 
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= 1.16 + 0.18 
= 1.34 g. CM-3 
This compares favourably with the actual density of the blend granule = 1.3380g. CM3. 
These density results, together with the IR data would tend to confirm that the 
compositions are as intended. 
It is interesting to note (Table 15) that the blend with 15% PC has a higher level of 
crystalline PETP than those blends with a higher level of PC. Ile effect of PC level on 
crystallisability of PETP will be investigated later in this chapter. 
4.1.2 Determination of degradation 
Viscous solutions are produced by polymers due to their randomly coiled chain 
molecules. The Mark-Houwink equation relates the intrinsic viscosity [ij] of a solution 
to the viscosity average molecular weight (Mv) of the polymer 
k M, 
where k and a are constants for a given polymer, solvent and temperature. 
The intrinsic viscosities (I. V. ) of unmodified PETP and the blend were used to 
determine if degradation had taken place during processing. As discussed earlier, if 
water was present at processing temperatures hydrolytic degradation could take place 
with a resultant reduction in molecular weight. This would show up as an IN. drop. 
Measuring IN. is therefore a good method of determining the amount of degradation a 
polymer has undergone. 
4.1.2.1 Introduction to method of determining I. V. 
The efflux time of a liquid (t) is related to its viscosity (v) by the Poiseuille-Hagenbach- 
Couette equation (BS 27 82 : Part 7: Method 730A : 1979) : 
=kt- 
A 
t 
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where k is a constant of the viscometer and A is a parameter of the kinetic energy 
correction. 
If the kinetic energy correction can be disregarded, this equation can be reduced to 
kt= 71 
p 
where p is the density of the liquid. 
The density can be assumed to be the same for the solvent and dilute polymer solutions, 
with the relative viscosity being given by the 'efflux time ratio' t/to. That is : 
Tj p kt t 
TI, p kto t- 
The intrinsic viscosity is the intercept at zero concentration of a plot of relative viscosity 
(or specific viscosity) against solution concentration. 
Ml = 
(71-P) C=O C=O 
c 
If both plots are shown on the same graph then accuracy may be improved by double 
extrapolation. 
4.1.2.2 Sample preparation 
This procedure is laborious and involves the use of hazardous solvents, hence all 
preparation and testing was performed in a fume cupboard. 
The solvent system selected was a 60: 40 by weight mixture of dry phenol and 1,1,2,2- 
tetrachloroethane. 
One gram of vacuum dried polymer was placed in 100n-d of solvent, heated to 900C 
for 
three hours, and stirred continuously. After the initial soaking in the hot solvent the 
polymer was soaked for a few more hours at room temperature, whilst being stirred 
continuously, until the polymer dissolved. 
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4.1.2.3 Experimental procedure 
The experiments were carried out as recommended in BS 2782, Part 7, Method 730A 
(1979) in a water bath at a temperature of 25'C. An Ubbel, -. 
de viscometer size 1B was 
used. The solutions were kept in the water bath for 10 minutes prior to being placed in 
the viscometer and left to stabilize for 3 minutes. 
4.1.2.4 Intrinsic viscosity results 
Virgin Materials 
Intrinsic Literature Values 
Viscosity* 
(d1/g) 
PC 121 0.55 0.52-0.54 
PC 161 0.545 0.54-0.56 
PC 154 M 0.53-0.58 0.54-0.60 
PETP B90N (B) 0.83 0.82 
Blends IN. (dl/g) Calculated Values 
(Assuming additives) 
B80W 0.755 0.76 
B80X 0.77 0.766 
B80Y 0.77 0.77 
Effect of Processing on B80Y IN. 
IN. (dl/g) 
Solvent blend 0.77 
Post Baker-Perkins compounding 0.76 
Post Injection moulding 0.74 
*The raw data graphs are in Appendix 6 
4.1.2.5 Discussion of I. V. results 
Since results close to the stated literature values for virgin materials were obtained, it 
can be assumed the technique was appropriate. Further eviclence tor tne Diena 
compositions being as stated has been obtained (if the effect on IN. can be 
approximated to be additive). 
Importantly, the drop in IN, as a result of both processing operations is <0.03 dI/g 
and therefore the processing conditions selected are unlikely to adversely affect material 
properties significantly. 
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4.1.3 Transesterification 
Transesterification is a chemical reaction (described in Section 2.1.5) that may change 
the composition of the blend species. Infra-red spectroscopy was used to ascertain 
whether significant transesterification had occurred in the blends examined in this 
study. 
Examination of transesterification by infra-red spectroscopy 
Spectroscopic analysis 
Godard et al(II) and Huang et al(23) have previously used infra-red spectroscopy to 
examine transesterification in PETP/PC blends. Huang et al(23) stated that if 
transesterification takes place in a blend of PETP and PC, an aromatic ester and an 
aromatic aliphatic carbonate should be produced. Godard(18) has shown that as 
transesterification proceeds, the aromatic carbonate band at 1780 cm-1 (attributed to PC) 
totally disappears (see Figure 32). 
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Figure 32 Infra-red spectra of PC/PET? mixtures (50/50 by weight) as a function of reaction time at 273.5'C. Catalyst 0.045% by weight of TBOT. (1) 0. (2) 16. (3) 60. (4) 91 min. (5) bisphenol-A-polyterephdialate. (After Godard et al (18)) 
Figure 33 shows the effect of processing on the infra-red absorption of the T80Y 
blend. It would appear from this result that a small degree of transesterification in the 
blend may have occurred as a result of processing. Comparing Figures 32 and 33 it 
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can be seen that the transesterification produced, as a result of processing in the T80Y 
blend, is relatively minor. 
Figure 33 IR spectra of ISOY. (A) solvent blend, (B) After compounding, (C) After injection 
moulding 
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4.1.4 Blend miscibility 
Using differential thermal analysis it is difficult to determine the presence of the PC 
glass transition temperature, as it may be masked by the PET? crystallisation peak. 
Therefore, it was decided to use dynamic mechanical analysis (DMA) as this has 
previously been used to look at the miscibility of PBTP/PC blends(20-130) and PETP/PC 
blends(23-26). 
4.1.4.1 DMA-principle of operation 
The sample is clamped between the ends of two parallel arms, which are mounted on 
low-force flexure pivots allowing motion in the horizontal plane. The distAnce between 
the arms is ad ustable by means of a precision mechanical slide to accommodate the i 
sample length. An electromagnetic motor attached to one arm drives the amVsample to 
a strain (amplitude) of O. Imm (selected). As the arm/sample is displaced, the sample 
undergoes a flexural defonnation as depicted in Figure 34. 
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A linear variable differential transformer (LVDT) mounted on the motorized arm, 
measures the sample's response (strain and frequency) to the amplitude stress, and 
provides feedback control to the motor. 
The sample is positioned in a temperature-controlled chamber containing a radiant 
heater which provides convenient heating of the sample at 5'C/min. The DMA was 
used at a fixed frequency of lHz. In this mode, the applied stress forces the sample to 
undergo sinusoidal oscillation at the selected frequency and amplitude (swain). Energy 
dissipation in the sample causes the sample strain to be out of phase with the applied 
stress (Figure 35). Since the sample is viscoelastic, the maximum strain does not occur 
at the same instant as maximum stress. This phase shift or lag, defined as phase angle 
(5), is used with known sample geometry and driver energy to calculate the viscoelastic 
properties of the sample. The expression is complex and also involves : radius of 
gyration, instrument compliance correction, shear distortion factor, moment of inertia 
and pivot spring constant. 
In this study the Du Pont Dynamic Mechanical Analyser (DMA) was used to look at 
glass transitions (Tg). Tg is sometimes defined as the maxima of E" (Young's loss 
modulus) or tan 8 (the loss tangdnt = E"/E'). Young's modulus has the formal 
definition, 
E'+ iE" 
where E' is the storage modulus and E" is the loss modulus. While the temperature 
dependence of E' is similar to that of E, the quantity E" (and tan 
5) display maxima at 
Tg. A plot of E" and tan 5 versus temperature will therefore give values of 
Tg. 
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Figure 34 Sample deformation in the DMA (Du Pont) 
Electromagnetic Motor z1- (Applied Stress) 
Flexure Pivots ýLVDT 
Null Position 
(Zero Strain) 
Clamp 
displacement strain 
Figure 35 
DMA in fixed frequency operating 
mode 
4.1.4.2 DMA results 
Phase angle jo) 
I 
Id I 
sum (U) 
Strain 
rum 
= 
U, 
The curves in Figures 36-40 show the effect of temperature on storage modulus, 
loss 
modulus and tan 8 of PETP, PC and blends. From these curves the glass 
transition 
temperatures were measured. 
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Table 17 DMA results 
Glass transition temperature (OC) 
SaInDle Ell tan 
PETP 
BIOO 100 
B85X 110 
B80X 100 
B75X 100 
X0 
Figure 36 DMA trace of pure B90N (BIOO) 
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Figure 37 DMA trace of B85X 
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Figure 38 DMA trace of B80X 
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Figure 39 DMA trace of B75X 
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The loss modulus E" results indicate that the PET? and PC in the blends are present in 
two separate and distinct phases. There was no evidence in the E" results of a tendency 
towards single rather than multiple transitions. 
The tan 8 results would tend to indicate a shift in transitions: a raising of the PETP Tg 
and a lowering of the PC Tg, 
It can be seen from Table 17 that crystalline PETP appears to have a higher Tg than 
would be expected for an amorphous sample. However in crystalline samples Tg is 
often increased in temperature by crystallites(131) which restrict molecular- motion. 
Boyer(132) points out that many semi-crystalline polymers possess two glass transition 
temperatures; a lower one which refers to the completely amorphous state, and an upper 
one which occurs in the semi-crystalline material and varies with crystallinity. The 
raised T. of PETP after annealing has been observed in Figure 41 which shows the 
dynamic mechanical behaviour of PETP/PC blends from a previous studyal). 
Figure 41 
Dynamic mechanical behaviour of 
PET? /PC blends at I 10 Hz. E 
U Samples were annealed at 120T 
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4.1.4.3 Discussion on miscibility 
Nassar et al(21) reported that PET? /PC blends formed a single homogeneous amorphous 
phase for compositions with greater than 60-70 w/w% PETP. Murff et al(12) supported 
this earlier work with DSC data which revealed only one Tg 
for blends with >75% 
PETP. This one detected transition, had a Tg similar to that of 
PETP but increased 
slightly with increasing PC content. 
However, using dynamic mechanical analysis (DMA) 
Chen and Birley(26) clearly 
identified two transitions at 850C and 1400C for a 80/20 PETP/PC 
blend, indicating that 
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the blend was not miscible. Later Huang and Wang (23) showed (using dynamic 
mechanical behaviour) that the PETP/PC blend displayed two transitions attributable to 
each polymer component across the entire range down to 20% PC (see Figure 41). In 
this study we have also shown that there are two transitions down to 15% PC. 
Table 18 
Author Reference Technique Miscibility 
Nassar et al 21 Rheovibron, DTA Nfiscible when PET? content > 
60-70% 
Murff et al 12 DSC Miscible when PET? content 
>75% 
Chen and Birley 26 DMA Not miscible at 80% PET? 
Huang and Wang 23 Rheovibron Not miscible at 80% PETP 
Robinson This study DMA Not miscible at 85% PET? 
The apparent contradiction between these data can be clearly seen in Table 18. The 
results of Nassar et al(12) and Huang and Wang(23) in opposition even though they both 
used a Rheovibron at 110 Hz on thin films. Huang and Wang(23) selected a slow 
heating rate of 2"C, /min, but the heating rate used by Nassar et al(21) iSunrecorded. The 
apparent contradiction between these data could possibly be due to the different degree 
of transesterification. The work presented here has shown that for blends that have 
been processed normally, there is unlikely to be significant transesterification and this 
has resulted in the retention of two distinct phases. 
Suzuki et al(133) have studied the effect of transesterification on the miscibility of 
PET? /PC, and agreed with the conclusion of this work, ie that PET? /PC is immiscible 
over almost the entire composition and accessible temperature range. 
83 
4.2 Solid state isothermal crystallisation of PETP and PETP/PC blends 
Heat induced crystallisation of PETP has been the subject of various papers(32-134-136). 
Ile effect of PC on PETP crystallisation during heating(13.21) and cooling has also been 
reported. 
Hanrahan et al(22) found that in blends of PET? /PC the crystallisation of the PETP 
portion was reduced by the presence of PC, to an extent determined by increasing PC 
concentration. This decrease is similar to that observed previously by Murff et al(12). 
Markarewicz and Wilkes(") reported that the crystallisation exotherrn of pure PET?, 
occurring at approximately 140'C, seemed to be shifted upward in blends to a 
temperature of - 155'C. This effect they imply, is due to PC restricting the mobility of 
PET? until the temperature approaches the PC glass transition temperature of 160'C. 
At this temperature sufficient segmental mobility is achieved and the PETP can 
crystallise. 
It is important to determine if there is a reduction in degree of PET? crystallinity in the 
presence of PC and the effect of PC molecular weight. It is also important to determine 
if crystallisation of the PET? portion is only achieved at raised temperatures. 
The kinetics of PETP crystallisation from the melt state (which has relevance for 
injection moulding) has been reported by various authors(65-66-137). However, isothermal 
crystallisation. in the solid state, which has relevance to thermoforming, appears to have 
received very limited coverage(139). That is, no work appears to have been reported on 
the effect of PC on the isothermal crystallisation of PETP, in the heating or cooling 
modes. The work reported here is intended to clarify the effect of PC (of various 
molecular weights) on the solid state isothermal crystallisation behaviour of PETP, 
which is relevant to thermoforming and stretch blow moulding. 
4.2.1 Differential thermal analysis 
Differential thermal analysis (or differential scanning calorimetry) is a very useful 
technique for examining polymers("9). Applications are measurement of specific heat, 
observation of glass transition phenomena, melting and crystallisation characteristics 
and thermal stability. 
A differential thermal analyser (DSC cell) uses a constantan disc as the primary means 
of transferring heat to the sample and reference positions. The sample which may vary 
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in weight from (0.1 to 25mg), is placed in a small aluminium pan (with lid); a similar 
pan and lid is normally used as a control. A large variety of samples can be analysed 
such as solids (granules, film or powders) or liquid resins. The sample holders can be 
cooled or heated at various fixed rates (from 0.5'C/min to 50'C/min or higher) in an 
atmosphere of nitrogen. Isothermal measurements can also be carried out by heating or 
cooling to the desired temperature before holding accurately at that temperature. 
Figure 42 
DSC cell (Du Pont) 
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During an experiment even a slight change produces a high voltage output. This meant 
that when some thermal transition took place in the sample, the differential heat was 
monitored. This difference in heat flow per unit of time was recorded as a function of 
the temperature or the time. In this study the differential thermal analyser (DTA) was 
used to look at PETP crystallisation, which shows up as an exothermic change in the 
DTA trace. 
4.2.1.1 Method of operation 
A Du Pont Instruments 9 10 Differential Thermal Analyser was used to determine the 
isothermal crystallisability of the samples. Each sample was weighed, and placed into 
the standard aluminium pan with a lid. Amorphous blend samples were produced by; 
heating to 280'C in an oven (under nitrogen), holding for 5 minutes, removing the 
sample and placing it on a metal sheet (which had been cooled to <-10'C by placing in 
a freezer overnight). This ensured rapid cooling which restricted any crystallinity and 
ensured consistent thermal history. 
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The quenched amorphous sample was placed in the DSC cell and was held at the 
selected temperature for isothermal crystallisation for 15 minutes. 
The amount (Appendix 7) and rate of crystallisation that occurred whilst the sample was 
held isothermally was then determined. It can be seen in FiRure 43 that in this 
characteristic sample, the onset of crystallisation occurs at a time T,,, the maximum rate 
of crystallisation occurs at T ..... (time to maximum crystallisation is therefore Tm.,, - T. ) 
and the amount of crystallisation is determined by the area under the curve, A. 
Figure 43 A characteristic isothennal crystallisation trace 
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Crystallisation half time is estimated by determining the length of time required to 
achieve half the final level of crystallinity. Ghijsels and WaalS(139)used the peak width 
of half height as a measure of crystallisation half time (t/2), see Figure 
44. 
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Figure 44 
A method of HEAT 
determining FLOW 
crystallisation RATE 
half-times. 
(After Ghijsels, and 
Waals (139)) 
vD1- 
4.2.1.2 Isothermal crystallisation results 
1.5 2 
TIME, min 
Code Isothermal Time to Corrected 
Temperature Tmax t/2 Crystallinity Crystallinity 
(0 Q (min) (m i n) (%) M 
B100 180 0.63 1.05 24.94 24.92 
170 0.66 1.09 24.75 24.75 
160 0.92 1.36 25.66 25.66 
150 1.65 2.34 22.62 22.62 
140 2.99 3.75 22.75 22.75 
130 5.05 7.31 8.28 8.28 
120 0 0 
B85W 180 0.31 0.59 15.14 18.18 
170 0.25 0.49 16.27 19.14 
160 0.48 0.75- 18.36 21.60 
150 0.6 1.06 16.83 19.80 
140 1.37 2.23 15.97 18.79 
130 1.98 2.89 14.18 16.68 
120 0 0 
B80W 180 0.34 0.58 15.87 19.84 
170 0.32 0.57 15.78 19.73 
160 0.44 0.78 16.08 20.10 
150 0.88 1.26 18.38 22.98 
140 1.75 2.37 13.43 16.79 
130 4.06 5.10 11.68 14.60 
120 0 0 
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B75W 180 0.35 0.62 15.34 20.45 
170 0.33 0.63 16.42 21.89 
160 0.42 0.79 15.98 21.31 
150 0.74 1.13 16.54 22.05 
140 1.12 1.59 16.28 21.71 
130 2.96 3.63 15.86 21.15 
120 0 0 
B85X 160 0.07 0.17 6.99 8.22 
150 0.12 0.24 14.02 16.49 
140 0.35 0.50 18.40 21.65 
130 0.41 0.67 19.60 23.06 
120 2.17 2.44 15.34 18.05 
110 0 0 
B80X 170 0.15 0.40 9.56 11.95 
160 0.19 0.40 13.72 17.15 
150 0.25 0.51 14.25 17.81 
140 0.45 0.73 15.75 19.69 
130 0.97 1.29 15.55 19.44 
120 2.98 4.42 8.93 11.16 
110 0 0 
B75X 170 0.28 0.51 13.81 18.41 
160 0.39 0.65 15.09 20.12 
150 0.75 0.99 16.23 21.64 
140 0.8 1.28 16.87 22.49 
130 2.96 4.05 11.05 14.73 
120 0 0 
B85Y 180 0.21 0.41 12.34 14.52 
170 0.31 0.48 18.00 21.18 
160 0.30 0.49 18.52 21.79 
150 0.53 0.84 19.24 22.64 
140 1.12 1.55 18.88 22.21 
130 2.91 3.63 16.66 19.60 
120 0 0 
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B80Y 180 0.28 0.53 18.22 22.78 
170 0.33 0.55 17.19 21.49 
160 0.41 0.84 16.45 20.56 
150 0.67 1.06 18.82 23.53 
140 1.88 2.58 16.08 20.10 
130 3.17 5.16 7.02 8.78 
120 0 0 
B75Y 180 0.19 0.30 3.56 4.75 
170 0.09 0.24 5.90 7.87 
160 0.11 0.32 10.08 14.45 
150 0.15 0.31 15.18 20.24 
140 0.32 0.49 14.11 18.81 
130 0.75 1.05 14.69 19.59 
120 1.88 2.67 11.48 15.31 
110 0 0 
These results are summarized in Figures 45-51. Figure 45 shows the rate of 
crystallisation of B 100 in the form of crystallisation half-times and level of crystallinity 
obtained. It can be seen that the maximum rate of crystallisation is likely to be around 
175'C. At temperatures of 130'C and below, the rate of crystallisation is very slow and 
the level crystallinity obtained reflects this, however at higher temperatures (>150'C) 
the crystallisation rates are fast and the level of crystallinity high. 
Figures 46-48 show how the rate of crystallisation varies with increasing PC molecular 
weight for blends with W, X and Y respectively. 
Figures 49-51 show how the level of PETP crystallinity achieved in the blend varies 
with levels of W, X and Y respectively. The crystallinity values have been corrected to 
take into account the proportion of PETP in the blends. 
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Figure 45 Effect of isothermal temperature on rate and level of crystallisation of 13100. 
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Figure 46 Dependence of crystallisation half-times on level of PC W 
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Figure 49 Dependence of level of crystallinity of pC W content 
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Figure 50 Dependence of level of crystallinity on PC X content 
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Figure 51 Dependence of level of crystallinity on PC Y content 
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4.2.2 Isothermal crystallisation of PETP 
Prior to determining how B 100 crystallised isothermally, it was important to ensure that 
the samples were amorphous. Figure 52 shows a DSC trace obtained from a sample, 
prepared (as described in Sec. 4.2.1.1) to produce an amorphous sample. It is 
apparent from this trace that the samples produced are amorphous as the area of the 
crystallisation exotherm is equal to the area of the melting peak. It can be seen (Figure 
53) that for pure PETP, the results obtained for dependence of time to T,,,,,, are an 
extension of, and similar to those obtained by Lin(66) (inset). For two different 
molecular weights of PETP (Mn=21,000 and 36,000), Lin(66) found that there was a 
minimum value of T,,,.. around 175'C. 
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Figure 52 DSC trace of an amorphous PETP sample 
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Using the equation for the relationship between IV and number average molecular 
weight quoted by Swaroop and Gordon(140), 
IN. = [111 = 7.50 x 
la4 Mno-68 
and substituting the IN. value obtained for B90N in Sec. 4.1.2.4 (ie 0.83 dl/g) the Mn 
of B 100 is calculated as 30,000 g/mol. This study showed that the PETP used had a 
minimum T,,.,, value between 170 and 1800C isothermal crystallisation temperature. 
Lin(60 cooled his samples rapidly from the melt and was therefore unable to measure 
T,,, values for isothermal crystallisation temperatures below 150'C because samples 
had crystallised before reaching these lower temperatures. Conversely, in this study, 
the sample was heated rapidly. This meant that T ... values at temperatures greater than 
180'C could not be obtained with any degree of certainty but that values at lower 
temperatures (unaffected by prior crystallisation) were. 
Only a combination of both methods would produce a history of T,,,.., over the range of 
isothermal crystallisation temperatures. 
It can be seen that the curve obtained is very similar to that for t/2 (Figure 45) in terms 
of shape. 
4.2.3 Effect of PC level on the isothermal crystallisation of PETP 
In Figure 46, the variation in PC level (from 15% to 25% ) displays a very similar rate 
of PETP crystallisation in the blends, suggesting that the level of PC (W) is not critical 
in influencing crystallisation rates for PETP. Comparing Figures 45 and 46 it would 
appear that the addition of PC has little effect on the crystallisation of PETP. 
Figure 47 shows that as the level of PC(X) increases, the rate of crystallisation 
decreases. Being able to produce a blend, with a low rate of crystallisation, could be a 
definite advantage to processes producing stretch blow-mouldings and/or 
thermoformings, particularly if there were further benefits such as improved impact 
properties. 
Figure 48 suggests the BY blend at the 80/20 level, has the slowest rate of 
crystallisation (particularly at the lower temperatures), and would probably make it less 
suitable for injection-moulded applications. These generally require a crystalline 
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morphology, and therefore a longer cycle time would be necessary to achieve a given 
level of crystallinity. 
Figure 49 again shows, that crystallinity in BW is not sensitive to PC level in the region 
studied. The crystallinity values have been corrected to account for the proportion of 
PETP in the blend. 
Figure 50 however shows how PC level could be very important in determining 'blend' 
crystallinity and therefore properties. If a rapid-crystallising blend were required at 
relatively low temperatures, to produce a reasonably high level of crystallinity then 
B85X may be selected. B75X would be useful in high temperature situations that 
required relatively high levels of crystallinity produced at a reasonable rate. 
B80Y's slow rate of crystallisation at low temperatures is reflected in the low levels of 
crystallinity achieved (Figure 51). This may be a useful feature in, for example, 
thermoforming of amorphous PETP. 
4.2.4 Effect of PC molecular weight on the isothermal crystallisation 
of PETP 
Figure 54 compares the effect of increasing molecular weight from W to X and then Y, 
on the rate of PETP crystallisation at the 80/20 level with pure PETP (B 100). It can 
clearly be seen that PC is effective at reducing t/2 values particularly at low 
temperatures. B80X (which contains the medium molecular weight PC) appears 
particularly effective at increasing the rate of crystallisation, suggesting that there is an 
interaction occurring between B and X which facilitates the rapid crystallisation of the 
PETP portion. B85X had an even faster rate of crystallisation than B80X (Figure 47) 
at low temperatures, which might indicate that X is required in only relatively small 
quantities. In fact in the B75X blend there is no improvement in PETP crystallisation 
rates at low temperatures. 
Figure 55 shows the effect of PC on the overall level of crystallinity (taking into 
account the proportion of PETP) and compares this corrected value with the level 
achieved by virgin material at the same isothermal crystallisation temperature. It should 
be remembered that blends were held at the isothermal crystallisation temperature for 15 
minutes and the crystallisation process was substantially complete. It is probable that in 
an industrial environment, where processing time-scales are inevitably shorter, these 
crystallinity levels would not be achieved. 
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Figu re 54 Effect of PC molecular weight on the rate of PETP crystallisation 
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Figure 55 Effect of PC molecular weight on the level of crystallinity 
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The B80X blend achieves rapid crystallisation at low temperatures (Figure 54) and this 
results in more crystallisation in the PETP portion of this blend, in comparison to the 
virgin material (Figure 55). An interesting feature of this blend of B90N with the 
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middle of the range PC X, is that at high isothermal crystallisation temperatures it is 
substantially more amorphous than pure PET? and the other blends. This combination 
of crystallisation properties, makes the BX blend an interesting prospect for most 
processing applications as it may be possible to tailor the crystallisation process to suit 
end-use applications. 
Probably the most significant information reported in this section is that PC, at low 
isothermal crystallisation temperatures, increases the rate at which crystallisation occurs 
and promotes more crystallinity than would occur in virgin PETP at these temperatures. 
However, at higher temperatures, the total level of crystallinity is less for PETP in 
blends containing PC. 
This effect justifies an examination of the mechanical properties, which will be reported 
in the next chapter. 
4.3 Melt rheology of PETP, PC and blends 
Gregory and Watson(141) determined the steady state flow properties of molten PET? as 
a function of temperature, molecular weight, and shear history. Gregory followed up 
this work by examining shear ViSCOSity(142) and the departure from Newtonian 
behavioui<143) of molten PETP. 
Axtell(129) in an extensive investigation (into shear, and elongational flows) of several 
grades of PETP, included low molecular weight materials for which data were lacldng. 
It was found that all the PETP's (linear, branched, and copolyesters) acted in a 
pseudoplastic manner with the power law index values ranging from 0.4 ýt 1.0. It 
was also found that the shear viscosity decreased with increasing temperature, for all 
the polymers tested. 
There appears to have been no work published on the rheological properties of 
PET? /PC blends. 
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4.3.1 Experimental shear rheology 
Capillary rheometry 
A capillary rheometer is designed to measure the apparent viscosity of liquids in simple 
shear. The molten thermoplastic is forced from a reservoir through a capillary die, 
whilst applied force, output rate and temperature are recorded. Barrel and die 
dimensions are constant and measured accurately. 
Capillary rheometry permits the measurement of melt viscosity, polymer stability (with 
respect to temperature and dwell time) and shear sensitivity. 
The Poiseuille law for capillary flow(144) yields: 
ap arent wall shear stress, r= AP x R/2L rp 
apparent wall shear rate, i= 4Q/7cR3 
apparent viscosity, Tj = r/j 
where AP is the pressure drop across the die 
is the volumetric flow rate 
R is the capillary radius 
L is the capillary length 
The aim of capillary rheometry is to determine the relationship between flow rate and 
pressure drop (hence shear rate and stress) for a steady shear flow through the die. 
4.3.1.2 Test procedure 
The procedure used for testing PETP, PC and the blends in this study was adopted to 
prevent hydrolytic or oxidative degradation and to minimise the effect of thermal 
degradation. 
The material was dried overnight at 140'C in a vacuum; it was then transferred to a 
desiccator (containing silica gel) before loading into the capillary rheometer. Nitrogen 
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gas was flooded into the barrel whilst the material was being charged, thus displacing 
any residual oxygen. 
Preheat time for the polymers and blends was constant at 10 minutes. Extrusion runs 
were duplicated using ascending and then descending order of piston speed. This was 
done so that the average AP (at each piston speed) would minimise the effect of thermal 
degradation due to a long residence time. It would also, 'average-out' any other error, 
due to motor speed or inertia effects, for example. 
Between runs the barrel was cleaned using rifle cloth to remove residual material which 
otherwise would degrade and subsequently affect the next run. 
Data were obtained from the two dies with length to diameter (L/D) ratios of 20/2 and 
0/2; the dies had a diameter of 2mm. This permitted an end-effect cor-rected shear 
stress to be determined 
, c= (AP - AP. )R/2L 
where AP is the pressure drop over a 20mm capillary and AP. is the orifice die pressure 
drop. 
Another model which can be used to describe viscosity data is the Power Law model. 
In practice it is found that a plot of log -T versus log i is linear over a range of shear 
rates, which suggests a model of the form'r =Miý 
where k is the consistency index and n is the power law index. 
4.3.2 Experimental shear viscosity results 
4.3.2.1 PETP shear viscosity 
Figure 56 shows that the extrusion grade of PETP (TIOOS) has a greater shear 
viscosity than the injection moulding grade (1390N). It can also be seen that both 
grades are temperature sensitive to some extent in the melt, with a 10'C increase in the 
melt temperature leading to a drop in shear viscosity in the case of TIOOS. 
At low shear rates <100s-I the viscosity curves approach Newtonian flow behaviour 
(horizontal curves). 
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At high shear rates the apparent shear viscosity decreases with increasing shear rate 
(pseudoplastic behaviour). Figure 57 shows that T100S (the more temperature 
sensitive of the two PETP's) is not greatly affected by long preheat times of up to 20 
minutes. This means that the preheat time of 10 minutes used in this study will not 
result in any significant polymer degradation. 
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Figure 57 Effect of preheat times on the shear viscosity of PET? (TIOOS) at 2750C 
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4.3.2.2 Shear viscosity Of PC-effect of molecular weight 
Figure 58 shows the expected increase in shear viscosity with increasing molecular 
weight of PC, expressed below in terms of intrinsic viscosities (I. V. ). 
Grade Code I. V. * 
121 w 0.52-0.54 
161 x 0.54-0.56 
154 Y 0.54-0.60 
*Data supplied by GE Plastics, Warrington 
The approach to Newtonian flow that occurs in the W low molecular weight PC, does 
not occur in X and Y (the medium and high molecular weight PCs respectively) over 
the range of shear rates studied. It is possible that it would occur at lower shear rates 
than it was possible to measure. 
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4.3.2.3 Shear viscosity of PETPIPC blends 
Unlike virgin PC W, the BW blend appears to be non-Newtonian over the shear rates 
studied (Figure 59), however, the blend does exhibit the psuedoplastic behaviour at 
high shear rates shown by both virgin materials. 
Similarly, in Figure 60 although there is an approach towards Newtonian behaviour it 
is not as marked as in the virgin materials (Figures 56 and 58). It appears from Figure 
60 that the 80/20 blend (B80X) exhibits a lower viscosity (particularly at low shear 
rates) than would be expected from the simple law of mixtures. 
Figure 61 shows the shear viscosity behaviour of BY; that is the blend of PETP B with 
the high viscosity PC 154. It would appear that, unlike the other blends, B85Y and 
B75Y follow the expected norm in that they approach Newtonian behaviour at low 
shear rates and are pseudoplastic at high shear rates. B80Y however, appears to be 
more influenced by the high molecular weight PC which did not show the Newtonian- 
like flow at low shear rates. Also, at high shear rates B80Y display similar flow 
properties to B80X (Figure 60), although the shear viscosity is less than expected when 
the proportion of PC in the blend is taken into account. This reduction in viscosity at 
high shear rates in the 80/20 blend can also be seen in Figure 59. Figure 59 shows that 
the shear viscosity of B80W approaches that of B85W, particularly at high shear rates. 
From Table 19 it can be seen that the drop in shear viscosity for B80W is 
proportionally greater than that for B85W, therefore the shear viscosity curve of B80W 
approaches that of B85W. 
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Figure 59 
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Table 19 Shear viscosity data at reference shear rates 
Shear Viscosity (Pa. s) 
Material Code Melt @ NO @ 100OS-1 
PETP Temperature 
0c) 
TIOOS TWO 275 1100 500 
285 620 300 
B90N BIOO 275 500 300 
285 410 210 
PETP/PC Blends B85W 275 900 300 
B80W 275 1010 330 
B85X 275 700 260 
B80X 275 800 300 
B75X 275 1000 400 
B85Y 275 600 290 
B80Y 275 1020 310 
B75Y 275 1010 400 
PC 
121 w 275 800 350 
161 x 275 1500 600 
154 y 275 6000 700 
Table 19 also indicates that B80Y has a higher than expected shear viscosity at low 
shear rates. The effect of PC molecular weight on shear viscosity at low rates is 
apparent and shear thinning at high rates is particularly marked in Y. 
Figures 62-67 show graphically how the shear viscosity changes with PC level at shear 
rates of 10 and 10OOs-1. 
The blend with lowest molecular weight PC (W) (Figure 62), shows that at lower shear 
rates, the viscosity is increased dramatically with relatively low levels of PC. This 
effect can also be seen for the BX blend (Figure 63) but to a lesser extent. 
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Figure 64 shows that the viscosity of the BY blend increases linearly with increasing 
PC Y content at low shear rates. 
Figures 65-67 show that the viscosity changes at high shear rates (with changing PC 
content), are less marked. These generally appear to follow the basic law of mixtures, 
however there does seem to be a reduction in shear viscosity in the BX blend (Figure 
66) as well as a slight viscosity reduction in the BY blend (Figure 67) at low PC levels 
(15 to 20%). This property may be useful in extrusion and injection moulding. 
Figure 62 Effect of PC W level on the shear viscosity at a shear rate of lOs-I 
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Figure 63 Effect of PC X level on the shear viscosity at a shear rate of 1()s-I 
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Figure 64 Effect of PC Y level on the shear viscosity at a shear rate of lOs-I 
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Figure 65 Effect of PC W level on the shear viscosity at a shear rate of 10OOs-I 
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Figure 66 Effect of PC X level on the shear viscosity at a shear rate of 10OOs-I 
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Figure 67 Effect of PC Y level on the shear viscosity at a shear rate of 10OOs-I 
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4.3.3 Departure from- Newtonian behaviour of PETP, PC and blends 
It would appear, that from the shear viscosity data described earlier that, the polymers 
and blends (over the shear rate range studied here) exhibit two types of flow; near- 
Newtonian at low shear rates and pseudoplastic at high shear rates. Figure 68 shows 
diagrammatically this effect for a log stress vs. log shear rate curve, displayed in an 
alternative plot which divides the raw data into two distinctPower Law'regions. 
Figure 68 log T A polymer melt 
exhibiting Newtonian and 
pseudoplastic behaviour 
k2 
k1 
nj and n2are slopes, k, and k2are constants and c is the critical shear rate. 
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The Power Law relationship, 
log(r) = log (k) + n. log (i) 
can be used over the two shear rate ranges to obtain values for k and n. The data used 
to obtain the'r vs. i curves for PET? (Figure 69), PC (Figure 70) and the PETP/PC 
blends (Figures 71-73) were analysed using linear regression to determine the values of 
ni, n2, ki, and k2. The value of the critical shear rate, c ,, was approximated 
from the'r 
vs. i curves. Table 20 shows the results obtained for the two slopes, and the 
correlation coefficients (which were calculated to indicate the data-fit). 
From the very high correlation coefficients it can be assumed that the plots in Figures 
69-73 are linear over the two limited ranges of shear rates. The Power Law constants k 
and n are material parameters :k is the consistency index and n is a measure of the 
change in fluidity (of the material) with shear rate; a high value of k indicates a very 
viscous material. The power law index (n) is a measure of the non-Newtonian 
behaviour of the fluid. 
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Figure 70 
Effect of molecular weight on the rheological 
properties of polycarbonate at 275T 
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Figure 71 
Effect of blend composition on the rheological 
properties of BW at 2750C 
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Effect of blend composition on the 
rheological properties of BY at 275*C 
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Table 20 Power Law Constants of PETP, and Blends 
Sample Test Temp kj nj Correlation Critical k2 n2 Correlation 
Code (OC) coefncient shear rate co. rnclent 
ic (S-1) 
T100s 285 7.36 x 1074 0.95 0.997 250 5.75 x 10-3 0.57 0.960 
(17100) 275 7.59 x 10-4 1.12 0.997 200 0.01 0.56 0.996 
B90N 285 8.32 x 10-4 0.81 0.992 300 2.57 x 10-3 0.66 0.998 
(B100) 775 Z24 x 10-4 1.18 0.993 250 5.62 x 10-4 0.89 0.996 
[Figure. 69 
121 (W) 775 9.55 x 10-4 0.95 0.998 300 6.92 x 10,3 0.58 0.993 
161 (X) Z75 2.34 x 10-3 0.88 1 200 0.016 0.54 1 
154 (Y) 775 0.011 0.66 0.999 2DO 0.047 0.40 0.996 
[Figure. 
701 
B85W 775 1.20 x 10-3 0.88 0.996 300 S. 51 x 10-3 0.54 0.996 
BSOW Z75 1.23 x 10_3 0.90 0.990 300 9.55 x 10-3 0.54 0.995 
(Figure. 
71) 
B85X 275 1.86 x 10-1 0.74 0.995 250 6.92 x 10-3 0.54 0.994 
B80X 275 1.07 x 10-3 0.88 1 250 5.75 x 10-3 0.59 0.997 
B75X 775 6.76 x 10-4 1.09 0.995 150 7.94 x 10"3 0.58 0.998 
[Figure 72) 
B85Y 775 6.17 x 10-4 0.98 0.998 250 6.76 x 10-3 0.54 0.999 
B80Y 275 2.00 x 10_3 0.75 0.999 200 6.17 x 10"3 0.58 0.999 
B75Y 775 1.35 x 10-3 0.93 0.998 200 
0.016 0.49 0.994 
[Figure. 
731 
Table 20 shows the power law constants and critical shear rates for PETP, PC and the 
blends. The nj values range 0.66 to 1.18 and n2values from 0.40 and 0.89. The nj 
values are always greater than n2values. At lower shear rates most samples approach 
Newtonian behaviour, but at high shear rates they are highly shear-thinning. 
It can be seen from Table 20 that PETP (TlOO and B100) approaches Newtonian 
behaviour between 275 and 285'C at low shear rates. W, which is the lowest 
molecular weight PC, has near-Newtonian behaviour at low shear rates. X, the 
intermediate molecular weight and Y, the high molecular weight PC are increasingly 
non-Newtonian as the molecular weight increases. This PC trend is also evident at 
high shear rates with Y being more non-Newtonian than X, and X more non- 
Newtonian than W. 
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This trend is not carried over into the blends, as their n values in the blends seem 
independent of PC molecular weight and blend composition (particularly at high shear 
rates). But again it can be seen that B75Y and B85Y approach Newtonian behaviour in 
contrast to B80Y and Y the pure PC. 
,) 
is the approximate shear rate at which the flow type changes The critical shear rate c 
from near-Newtonian to non-Newtonian. For PETP, this decreases as the temperature 
increases. There also appears to be a relationship between PC molecular weight and 
ie as the molecular weight increases the decreases. There is some evidence that 
decreasing j, with increasing PC molecular weight and composition in the blends is 
taking place. 
The relatively low k values of the 80/20 blends indicate that they are more fluid than 
expected, an idea explored earlier in Section 4.3.2.3. 
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5 Characterisation and evaluation of injection moulded PETP/PC 
products 
Thermoplastic polyesters are engineering plastics with excellent chemical resistance, 
dimensional stability and good mechanical prop*erties. The blend of PETP with PC is 
of interest due to possible ester interchange reactions leading to partial compatibility 
and/or miscibility, and possibly improved mechanical properfieS(14). 
Previous work has shown that the heat distortion temperature and toughness of PETP 
may be improved by blending with amorphous polymers such aspC(IZ20-22,145). 
The main objectives of this chapter are to look at the morphology and miscibility of 
injection moulded examples of such blends, and to evaluate the effect blending has on 
some aspects of microstructure and mechanical properties. 
The characterisation studies here, have taken three forms: 
I to determine the degree of orientation/residual stress in the mouldings 
2 to examine the through-thickness levels of crystallinity in the mouldings, 
particularly as a result of using different mould temperatures 
3 to determine the blend morphology of the PETP/PC system. 
5.1 Orientation and residual stress 
The mechanical properties of an injection moulded product can be influenced by 
molecular orientation and/or residual stress, which, in turn, are dependent upon melt 
viscosity and cooling conditions during processing. 
As described by StrUik(146), the development of residual stress occurs during cooling 
from the melt. Cooling is assumed to be inhomogeneous, and occurs in two discrete 
stages. The surface layers are rapidly cooled to the temperature of the mould and the 
polymer is free to contract. However, as the inner material cools, local thermal 
contraction is restrained by the now rigid outer layers. This results in the core of the 
moulding being in a state of hydrostatic tension. The magnitude of the residual stress is 
related to the cooling rate and is therefore at a maximum when the difference between 
the melt and mould temperatures is greatest. 
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Residual molecular orientation in the moulding is determined mainly by the polymers 
response to shear and tensile stresses in the melt. Alignment occurs during mould 
filling and if the cooling rate is sufficiently rapid, relaxation is prevented or at least 
inhibited. 
Pioneering studies of orientation in mouldings were carried out by Ballman et al('", 147) * 
They found that molecular orientation was determined by processing conditions and 
that local cooling rates in a moulded component could influence the degree of 
orientation remaining. 
High mould and melt temperatures tend to result in reduced orientation, as do high 
injection speeds(122). High packing pressures generally increase orientation, especially 
in the gate region of the moulding(148). 
Tadmor(149)proposes a semi-quantitative model to explain the complex distribution of 
molecular orientation which is observed in injection mouldings of amorphous 
polymers. 
Ile measurement of optical bireffingence has been widely used to assess the degree of 
residual stress and orientation in plastics products as described by Thamm, 010), 
Harding(151) and Read et al(152). Superficially the method has much to recommend it in 
terms of simplicity of concept and measurement. Practical problems exist however, in 
relation to the measurements themselves and to the interpretation and presentation of the 
results. 
5.1.1 The in-plane examination of optically anisotropic injection 
mouldings using polarised light 
In the situation where the molecules in a moulding have some preferred direction of 
alignment and if they have intrinsic optical anisotropy arising from their chemical 
structure, the bulk refractive optical properties of the material become anisotropic. The 
speed of propagation of a light wave through the material is a function of direction in 
the material and, in general, two plane-polarised waves are produced when light enters 
it. These waves travel at different speeds and the planes of polarisation are orthogonal. 
Thus a given plane in the moulding is generally characterised by two refractive indices. 
Their difference is the birefringence of the moulding in that plane. The product of 
bireftingence and geometrical thickness gives the Optical Path Difference (OPD) for the 
chosen direction of observation. 
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The magnitude of the birefringence, and hence the OPD, will depend on the degree to 
which the molecules are aligned. If an OPticallY anisotropic specimen is observed in 
white light between crossed polarising sheets, coldurs are seen which relate to the 
OPD. If quasi-monochromatic light is used, then the observed intensity is a function of 
OPD, but this intensity/OPD relationship is not unique. 
There are a number of specific conditions which, if satisfied, lead to a zero OPD and 
hence zero intensity between crossed polars. These are : 
1. OPD is an integral number of wavelengths (monochromatic light only) 
2. Observation is along an optic axis 
3. One of the permitted vibration directions in the material is aligned with the plane 
of vibration of the light leaving the polarizer, (the specimen is said to be 'at 
extinction') 
14 
pe 
ne intrinsic molecular optical anisotropy is zero. 
The last of these conditions does not apply to any of the materials in this study. 
Condition 2. has been avoided by choice of observation direction. Condition 3. 
manifests itself as a total loss of light intensity in four positions as a plaque is rotated 
through 360' in its plane between crossed polars. When zero intensity is reached the 
specimen is at extinction and this normally indicates that the molecules are then either 
preferentially aligned parallel to the vibration direction of the light leaving the polariser, 
or are at right angles to it. Condition 1. is of special interest as it is used as the basis of 
birefringence measurement. 
Figures 74 to 76 show the appearance of a number of the moulded plaques between 
crossed polars, which have been rotated in their plane to the position of maximum 
brightness (which will be 45' from an extinction position). These photographs indicate 
the presence of orientation. and/or residual stress in the mouldings. They also show (as 
would be expected) that a variation from one part of the moulding to another exi, 
although the effect is greatest and most uniform in the central part of each moulding. 
For this reason it was decided to examine these areas in more detail. It is also clear that 
for a given composition, the OPD (and hence birefringence, since the plaques are of 
uniform thickness) is molecular mass dependent; the highest molecular mass PC shows 
the greatest OPD. 
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Figure 74 PETP injection moulding under cross polars 
Ff 
Bibb., 
Figure 75 The effect of molecular weight on the bireffingcrice of W (121), X (161) and Y (154) 
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All the mouldings showed extinction in the central area when the injection direction 
corresponded with the vibration direction of the light leaving the polanzer. It is 
therefore convenient to define an orthogonal reference axis set as shown in Figure 77. 
Since these axes correspond to the extinction direction, we can assign reffactive indices 
nj, n, and n3. The birefringence (An32) looking through the plane of the plaque will be 
[n3- n2l- 
Figure 77 
Orthogonal reference axes 
The birefringences An32were measured using a calcite Ehnngha,,., s compensator(III). 
This is a high-order compensator which interposes a variable OPD into the light beam 
passing through the microscope. By rotation of the specimen in its plane, it can be 
arranged that the low and high refractive directions of the compensator are 
superimposed on the high and low index directions of the specimen. The result is a 
subtraction of optical path differences. This compensated part of the image will usually 
appear black, and is referred to as a zero-order fringe. On either side of this fringe will 
be a sequence of coloured fringes of ascending order. The compensator rotation 
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Figure 76 Birefringencc of a PETPW blend at the 8S/I 5 lc,,. cl 
necessary to obtain compensation is recorded, and the corresponding OPD is read from 
tables supplied with the compensator. Readings were obtained for rotation either side 
of the horizontal position and the average value used to determine the OPD. The sign 
of the birefringence was confirmed by replacing the compensator with a lk retardation 
plate and observing the effect on the polarisation colours. 
The results are listed in Table 21. It can be seen that An32 is always small compared 
with the maximum birefringences for PETP and PC which are three orders of 
magnitude greater. PETP and PC have maximum birefringences of 155 x 10-3and 180 
X 10-3respectively. * 
*D. A. Hemsley (1991) Private communication, Polymer Microscopy Services. 
Table 21 Determination of An32 for PETP, PC and Blends 
Code 
Bloo 
B80W 
B85X 
B80X 
B75X30* 
B75X90* 
B80Y 
W(121) 
X(161) 
Y(154) 
* Mould temperatures 
Compensator Rotation (Degrees) 
Left Right Average 
3.30 2.15 2.73 
4.25 3.22 3.74 
2.82 1.70 2.26 
2.58 3.58 3.08 
1.67 0.64 1.16 
4.90 3.99 4.45 
2.60 3.79 3.20 
4.47 3.24 3.86 
4.13 3.05 3.59 
6.18 5.17 5.68 
OPD . -. Birefringence (nm) (An32) X 10-3 
148 . 037 278 . 069 98 . 025 195 . 049 29 . 007 411 . 103 271 . 052 309 . 077 263 . 066 658 . 165 
The birefringence results are positive, indicating a preference for molecular alignment 
along the flow direction. 
It is important to note that these results are based on gross assumptions which inhibit 
detailed interpretation and cast some doubt on their validity: 
First, in calculating the birefringence from the OPD results it is assumed that An32 is 
constant through the thickness of the plaque. This cannot be justified. The results in 
Table 21 are therefore some form of undefined through-thickness mean values. 
Secondly, optical dispersion effects described by Harding(151) have been neglected, 
both of the material itself and of the compensator. These dispersion errors are likely to 
be small because of the low OPD's measured but should nevertheless be kept in mind. 
Finally it should be stressed that the low An32values do not necessarily imply low 
residual stresses or low orientation in three dimensions. To obtain more of the total 
picture it was necessary to examine the plaques out of their plane and obtain values for 
An3l and An2l- 
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If we assume that most alignment is in the flow direction, then An32 (from Table 21) 
indicates that (as expected for PC Y), the highest molecular weight PC, with the 
greatest viscosity, has the most birefringence and therefore the greatest orientation in 
the flow direction. It is not possible to draw another firm conclusion from Table 2 1. 
5.1.2 Determination of birefringence through the thickness of injection moulded samples 
High speed milling to remove uniform layers from injection mouldings has long been 
considered the most convenient method to determine residual stress profileS(73,154-158). 
This method involves removing uniform layers from the moulded bars and the resulting 
curvature, (which is dependent on the original residual stress distribution) and can be 
measured by recording the reflections of a laser beam from two sites at a known 
distance apart(159,160). 
From the plot of 'curvature versus depth removed' (for repeated layers) the residual 
stress profile can be derived by the procedure described by Treuting and Read(156). 
One drawback of this technique is that it is very time consuming, as each point on the 
depth vs curvature graph requires a layer removal and a laser measurement. For this 
reason a technique based upon an alternative principle was developed, so that 
birefringence (whether stress or orientation -produced) could be determined as a 
function of the depth through the thickness from a single image. The technique is 
specific and rapid, and is detailed in subsequent sections. 
The results derived, represent an advance in through-Wkness characterisation in 
injection moulding; to our knowledge, little or no work has been reported on such a 
technique previously. 
5.1.2.1 Wedge technique theory 
A wedge was cut from the moulding in the region under study (Figure 78). 
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Figure 78 
Location of the birefringence 
wedge in the moulding 
The flow (n3) direction was marked on the wedge and the angle * determined (Figure 
79). 
Figure 79 
The birefringence wedge 
rL I 
a 
n3 
112 
The wedge was examined under crossed polars and at 45* from an extinction position 
and mounted on a glass block to reduce refraction (Figure 80). 
Figure 80 
Mounting the wedge 
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Under crossed polars and at 45' (from the extinction position) the sample usually 
appeared similar to the diagram in Figure 8 1. 
121 
T light 
Figure 81 
Diagrammatic 
representation of a 
wedge sample 
under crossed 
polars at 450 
m 
y 
12 
B 
To determine the birefringence along line AB: By convention, 'y >P> (x, therefore 
we assume n, =, y, n2 =0 and n3= a. (see Figure 78 for orthogonal reference axes) 
At A'Optical Path Difference = (y - (x)tl 
and at B' Optical Path Difference = (y - cc)t2 
But tj = 11 = 15 andt2 = 
12 tM 15 
Also if black fringes are examined in monochromatic light of a known wavelength X, 
then if m is an integer, 
at A' rn)L = ýy - cc) X, tan 15 and at 
B' (M+ IA ": -- (7 - (X) ý-2 tan 15 
Subtracting X= (Y- CC) (12 - 11) tan 15 
. -. 
I cc) I on line AB 
x 
(12 - 11) tan 15 
The sign of the birefringence can be detem-lined using a one wavelength plate. 
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This technique means that from a single photograph, the through -thickness 
bireffingence (y - (x) can be found for any line AB across the wedge. 
5.1.2.2 Sample preparation 
A square section (-20mm x 20mm. ) was cut from the centre of the mouldings, as this 
was identified by the preliminary study as the region of greatest and most uniform 
orientation. Care was taken to clamp only those parts of the mouldings that were to be 
discarded. 
Using a microtome (Polycut E by Reichert-Jung) and polyethylene lined clamps, one 
side of the square was cut perpendicular to the flow direction using the following 
cutting sequence. A 45[tm section was removed each time, from the surface, with the 
ultra-microtome in automatic mode. This was continued until at least 150ýLm had been 
sectioned to remove the effects of saw cuts. Once this was achieved, the cut depth was 
reduced to 5grn and was made, inducing as little strain as possible. So that cutting did 
not influence the results, the section was cut very slowly. 
The wedge was then cut in half diagonally and clamped, discarding the unmicrotomed 
half. The sample was then remounted in the microtome in between polyethylene-lined 
clamps with the rough surface uppermost, and the sharp angle of the wedge at the 
trailing edge (Figure 82). 
Figure 82 
Positioning of the wedge in the 
microtome 
The cutting sequence detailed earlier was then repeated. 
Mi"rotomt 
z 
The wedge was then polished on the two cut sides using Iýtm diamond paste, on a soft 
pad. The polished wedge could then be mounted on the anti-refraction block and the 
depth-dependent bireffingence determined. The angle * was measured accurately and it 
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was found that -30' was a suitable angle for measurement of onentation. The 
wavelength (?, ) of light used was 546 nm. 
5.1.2.3 Measurement of depth dependent orientation 
When viewed through cross-polars in white light, with the wedge at 450, the sample 
appears as in Figure 83. 
Figure 83 Wedge of PC 121 (W) as it appears under crossed-polars when placed at 45' to the 
polarisation directions 
The measurements could be performed on this image, between the red fringes, but the 
situation was simplified by using a green filter and taking a photograph in 
monochrome, giving the image seen in Figure 84. 
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Figure 84 Photograph showing the birefringence in the PC sample 121 (W) 
Figure 85 shows schematically how the birefringence can be calculated at the core, the 
surface and the minimum. It also reveals how the depth of the minimum and the width 
of the core can be determined, given that t= 4mm. 
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Figure 85 Schematic diagram of the wedge 
OF min. 
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5.1.2.4 Birefringence results 
Birefringence and width of the core in the centre of the mouldings 
Code An3l X 10-3 An2l X 10-3 An32 X 10-3* 
(width, mm) (width, mm) 
B100 0.559 (3.04) 0.663(3.2) -0.104 
B80W <0.218 (<4) 
B80X 0.457 (3.49) 
B80X 0.35(3.64) 
B75X30 0.393 (3.54) 
B75X90 0.097(-4) 
B80Y 0.458 (3.35) 
W(121) 0.527 (2.64) 0.573 (2.92) -0.046 
X (161) 0.560 (2.91) 
Y (154) 0.567 (3.09) 0.456 (3.13) 0.111 
*Calculated from measured values of n3 - n, and n2 - n, 
Average planar birefringence at the core 
Code (n3 - nl)+(n2 - 
nl) 
X 10-3 
2 
BIOO 0.611 
W (121) 0.550 
Y (154) 0.512 
This gives a value for the planar orientation at the core. 
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Surface Birefringence 
n3 - n, n2 - n, n3 - n2 (CaIC) 
BIOO 
B80W 
B85X 
B80X 
B75X30 
B75X90 
B80Y 
w 
x 
y 
3.71 x 10-3 1.26 x 10-3 2.45 x 1()-3 
0.408 x 10-3 
10.66 x 10-3 
2.236 x 10-3 
1.55 x 10-3 
0.097 x 103 
3.96 x 10-3 
2.63 x 10-3 1.27 x 10-3 1.36 x 10-3 
3.67 x 10-3 
2.84 x 10-3 1.26 x 10-3 1.58 x 10-3 
Minimum birefringence and depth of minimum 
n3 - ni (depth, mm) 
B100 
B80W 
B85X 
B80X 
B75X30 
B75X90 
B80Y 
w 
x 
y 
5.1.2.5 
0.197 x 1()-3 (0.32) 
<0.218 x 10-3 
-0.222 x 
10-3 (0.145) 
0.618 x 10-3 (0.18) 
0.29 x 10-3 (0.22) 
0.097 x 10-3 
0.257 x 10-3 (0.36) 
-0.278 x 
10-3 (0.32) 
0.242 x 10-3 (0.25) 
0.282 x 10-3 (0.4) 
n2 - n, (deptlijnm) 
<0.171 x 10-3 (0.18) 
-0.133 x 
10-3 (0.31) 
0 (0.32) 
Birefringence attributable to stress or orientation 
To determine whether the birefringence in the moulding was mainly attributable to 
orientation or stress, a saw cut was placed in the wedge, and it was re-examined under 
crossed-polars at a 45' angle. This had the effect of relaxing any residual stress Imm 
either side of the cut(158), orientation therefore would be substantially unaffected. As 
can be seen from Figure 86, the birefringence is virtually unaltered and therefore the 
birefringence is considered to be attributable to orientation. 
127 
0 
Vt. 
5.1.2.6 Birefringence profiles 
Using the birefringence data (determined earlier) it can now be demonstrated how the 
orientation of the molecules changes through the thickness. 
It can be seen that the profiles are symmetrical indicating that the mould temperature 
was similar on both faces of the mould. 
Figure 87 clearly shows that the orientation in the PETP moulding was predominantly 
planar throughout with 'k 31 having similar magnitude to Ak2l . 
An interesting 
phenomenon was the region of low orientation (in all directions) just below the surface 
of the mouldings. This has been reported previously by White et al(III). The same 
comments can be made for the low molecular weight PC W (Figure 88) and the high 
molecular weight PC Y (Figure 89). 
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Figure 86 Effect of a saw cut on the birefningence pattem 
Figure 87 Bireffingence profile of PETP B 
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Table 22 Birefringence An31 of PC's Effect of PC molecular weight 
Code Surface A, 31 Core An3j Width of core Min An31 
(X 10-3) (X 10-3) (MM) (X 10-3) 
W 2.63 0.527 2.64 -0.278 
x 3.67 0.560 2.91 0.242 
y 2.84 0.567 3.09 0.282 
Table 22 and Figure 90 indicated that orientation A31 ) inPCMOUldings was relatively 
unaffected by molecular weight, however the width of the core expanded with 
increasing PC molecular weight from W to X to Y. In the blends, however, the PC 
molecular weight appeared to be significant (Table 23 and Figure 91). The blend 
Table 23 Effect of PC molecular weight on orientation in the blends 
Code Surface A,, 31 
Core 
'ýýn3l Width of core Min 166n3l 
(X 10-3) (X 10-3) (mm) (X 10-3) 
B80W 0.408 <0.218 <4 <0.218 
B80X 2.236 0.350 3.64 -0.618 
B80Y 3.960 0.458 3.35 0.257 
with the highest molecular weight PC (Y) had the greatest degree of orientation at the 
surface and core. Also B80W (PETP with the lowest molecular weight PC) had the 
least orientation at the surface and core. In fact the lack of orientation may reflect the 
rheological properties of the BW blend (Table 19), suggesting that the lower shear 
viscosity created less orientation, with the shear stress being the key variable. 
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Figure 91 Effect of PC molecular weight on the birefringence k3l of the PETP/PC 80/20 blend 
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Figure 92 Effect of PC content on the birefringence of the BX blend 
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Table 24 
Code 
B75X 
B80X 
B85X 
Effect of PC content on the A. 31 of the BX blend 
Surface An3l Core An3l Core width (mm) Min J6101 
(X 10-3) (X 10-3) (X 10-3) 
1.55 0.393 3.54 0.290 
2.24 -0.350 3.64 -0-618 
10.66 -0.457 3.49 -0.222 
5 
Table 24 and Figure 92 indicate that the PC content did not significantly affect the core 
orientation, but did affect the surface orientation markedly. The result (concerning the 
blend with least PC) showing very high surface orientation, was not anticipated from 
the rheological data. It is possible that the blend experienced rapid surface cooling 
thereby increasing the shear stresses and orientation. The level of orientation at the 
surface of the B85X blend is greater than the surface orientation of either of the blend 
components, PC or PETP. 
Figure 93 indicates very clearly the effect of mould temperature on orientation. 
Increasing the mould temperature had the effect of reducing orientation markedly, 
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Thickness (mm) 
particularly at the surface. Mouldings at higher mould temperatures had near zero 
orientation throughout the thickness, (showing that significant relaxation occured when 
the mould temperature was raised to 90'C ie when the mould temperature was greater 
than the Tg of PETP in the blend. 
Figure 93 Effect of mould temperature (MI) on the birefringence, (n3-nj) of the B75X blend 
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5.1.7 Conclusions 
The average birefringence through the thickness of the mouldings is a 
misleading characteristic, as can be seen by comparing 16ýn32 (average 
birefringence) values in Table 21 with the actual Iýn32data, determined through 
the thickness. The average birefringence masks a great deal of information 
about the changes in orientation through the thickness of the samples. 
2) Mechanical properties can be influenced by molecular orientation. It will vary 
in injection mouldings with cooling rates, mould design, injection rates, 
pressures etc. For this reason, it is necessary in most cases to determine the 
depth dependent orientation in mouldings for complete characterisation. 
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A specific and rapid technique has been developed to determine depth dependent 
orientation in transparent thermoplastics, from a single image. 
4) The levels of orientation in the mouldings investigated are very low at the core 
and pass through a minimum close to the high shear region at the surface. 
5) The orientation that is present is mainly planar withk3l and 4,21 values being 
similar at the core, making it reasonable to present the information as an average 
value of planar orientation. This may not be the case elsewhere in the 
moulding, or if the mouldings were a different shape. 
In nearly all cases the surface orientation is much greater than the core 
orientation with a minimum occurfing just below the surface. This supports the 
mould filling model proposed by TadMor(149) (Figure 94), and the work done by 
White et al(157). Showing how the orientation of the polymers arriving at the 
cold walls will be parallel to it. This model would also explain why at higher 
mould temperatures surface orientation is reduced. 
7) A qualitative method of differentiating between residual stress and orientation 
has been used. The wedge gives information on mouldings that had both 
residual stress and orientation. Firstly the overall birefringence would be 
dýtermined in the usual way, then the residual stress component would be 
removed by heating the wedge to the glass transition temperature of the 
material. The birefringence, due to orientation could then be determined, and 
the residual stress component calculated. 
8) As the bireffingence profiles were symmetrical, the mouldings were subjected 
to even mould cooling. 
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Figure 94 
Schematic representation 
of the flow pattern in the 
advancing front between 
two parallel plates. After 
Tadmor (149) 
5.2 Crystallinity in the mouldings 
PETP is a crystallizing polymer; it is capable of forming a well ordered lattice structure, 
in contrast to PC. The crystallinity of the PETP portion in the PETP/PC blend, may 
vary widely. Crystallinity can be influenced by moulding conditions (especially mould 
temperature) and may vary through the thickness of an injection moulding, since 
cooling rates change from the skin to the core. 
Crystallinity can be measured using various techniqueS(161), including X-ray diffraction 
(XRD), differential scanning calorimetry (DSC) and nuclear magnetic resonance 
(NMR) (with care). However, in the present case, density measurements have proved 
to be the most convenient method of determining the crystallinity of the PETP portion 
of the blend at different locations through the mouldings. The technique is now 
described, and some results highlighted, indicating the effects of blend composition and 
mould temperature. 
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5.2.1 Density technique for measuring PETP crystallinity in the 
moulding 
Sample densities were measured at 25'C using a Davenport density gradient column 
filled with an aqueous solution of calcium nitrate. Known density floats were used to 
calibrate the column; the calibration graph can be seen in Appendix 8. 
Thin sections were taken from the middle of the plaques using an ultra-microtome. 
Sections were obtained from three regions overall, as shown in Figure 95: the surface 
(0 to 0.5mm depth), the intermediate region (0.5 to 1.55mm depth) and the core (1.5 to 
2.5mm depth). Ile thickness of the mouldings is 4mm overall. 
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'Me crystallinity Xdof PETP portion can be calculated from the equation, 
Xd = 
8c 
- 
8a 
x 100% 
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8, = density of PETP in the samples. This can be determined if the proportion of PC 
and the density of PC in the sample are known. The density of PC (W, X and Y) is 
assumed to be 1.2 g Cjjr3. 
8,, = density of totally crystalline PETP = 1.455 g Cnr3 (31) 
8. = density of totaRy amorphous PETP = 1.335 g Cm-3 (31) 
Table 25 Density measurements and degree of crystallinity of the PETP portion 
Sample Mould Density (g CM-3) Estimated PETP crystallinity (%) 
temperature 
(OC) Core Intermediate Surface Core Intermediate Surfýce 
B90N 90 1.345 1.345 1.335 8.3 8.3 0 
(13100) 140 1.355 1.345 1.335 16.6 8.3 0 
TIOOS 60 1.345 1.340 1.335 8.3 4.2 0 
(T100) 
*T85X 30 1.315 1.315 1.315 0 0 0 
60 1.320 1.320 1.315 5 5 0 
*T85Y 30 1.320 1.320 1.215 5 5 0 
60 1.321 1.321 1.315 5.8 5.8 0 
90 1.321 1.320 1.315 5.8 5 0 
*The theoretical density of these blends if they were wholly amorphous would be 
(85 x 1.335) + (15 x 1.2) 1.315 g CM-3 
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It can be seen from these results (Table 25) that the injection moulded plaques have 
levels of crystallinity between 0 and 8.3%, (apart from those moulded at 140'C). 
Table 25 shows that blending of PET? with PC (X and Y) reduces the PET? portion's 
crystallinity at the core even when the PC is present at 15%. 
It would appear from these results that X (the intermediate molecular weight PC) is 
more effective at reducing crystallinity than (Y the high molecular weight PQ. 
Generally as mould temperature rises, the amount of crystallinity in the PETP increases; 
however, this is more noticeable only at higher temperatures ie. at T>Tg. This indicates 
that crystallinity is temperature sensitive and that it increases rapidly as the optimum 
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temperature for crystallisation is approached. The optimum temperature for 
crystaHisation Hes between Tg and Tm therefore the residence time between this range is 
significant. 
The difference between the skin and core values indicates the different cooling rates 
experienced by the polymers in these regions. Rapid cooling (quenching) at the surface 
results in amorphous PETP developing, whilst slow cooling at the core gives the PETP 
portion an extended opportunity to crystallise. As the mould temperature is increased, 
the cooling rates are consequently reduced and the PETP portion has further 
opportunity to crystallise. 
The similarity between the core and intermediate regions, in terms of PETP 
crystallinity, would tend to indicate that the core region is in fact thicker than anticipated 
and that most of the region just below the surface cools at a similar rate. This correlates 
with the orientation results (5.1.2-4) which showed that the thickness of the cores in 
blends and pure PET? samples were usually over 3.5mm. It is also interesting to note 
that the sldn has the highest degree of orientation and is usually totally amorphous. 
The results here would suggest that plaques moulded in this way have an amorphous 
oriented skin that may have a different impact resistance to the core morphology. If the 
surface were crystalline, impact damage may be expected to lead to brittle failure and 
rapid crack propagation. The low levels of surface and overall crystallinity in the lower 
mould temperature products (especially the TX blend), may help to improve the impact 
properties, but the stiffness of these mouldings may also be affected by the different 
morphologies. 
5.3 Morphology 
products 
5.3.1 Background 
of the PETP/PC blend in the injection moulded 
Delimoy et al(6) have investigated the morphology of polycarbonate (PC) - polybutylene 
terephthalate (PBTP) blends (prepared by melt-processing) in an extruder, using 
Transmission Electron Microscopy (TEM). Ruthenium tetroxide (RuO,, ) was used to 
stain selectively the amorphous PC fraction. Close examination of ultra-thin sections 
revealed the two phase nature of these blends. 
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As PBTP and PET? are alike in structure and are chemically similar, it was thought that 
the staining procedure and examination of PETP/PC blends using TEM might be 
appropriate. The main objective of this piece of work was to determine if PETP and 
PC were miscible or not. 
5.3.2 Ruthenium Tetroxide staining of polymers for electron 
microscopy 
The transmission electron microscope (TEM) is an established instrument for the 
characterisation of the structure of heterogeneous polymer systems at a high level of 
resolution. However, it is often necessary to enhance image contrast for polymers by 
use of a staining agent. 
Staining with osmium. tetroxide has been known for many years; its applicability is 
essentially restricted to those polymers containing double bonds. A suitable image- 
contrast enhancing stain for saturated polymers has hitherto been lacking. This 
situation has been improved somewhat by independent reportS(162,163)of the applicability 
of ruthenium tetroxide (Ru04) as an effective staining agent for the TEM examination of 
morphology, in both saturated and unsaturated polymeric systems. Vitali and 
Montani(162) observed improved image contrast for polybutadiene lattices, a terpolymer 
of acrylonitrile, butadiene, and styrene (ABS), and an acrylonitrile- styrene- acrylonitrite 
(ASA) polymer. Trent et al(163) demonstrated the usefulness of RU04vapour staining in 
TEM studies of Polystyrene/polymethyl methacrylate) (PS/PMMA) blends and high- 
impact polystyrene (HIPS) films. In both cases, there was a preferential action of the 
stain on the PS component. RU04 is a very powerful oxidising agent and for this 
reason has success in staining many saturated and aromatic polymers. Ru04will react 
with macromolecules containing ether, alcohol, aromatic, amine and unsaturated 
groUpS(164,165). TrentO 64) has undertaken a detailed study into the mechanism of the 
staining (oxidation) of these different groups. It is interesting to note that although 
RuO4oxidises aromatics and ethers, the aromatics are oxidised more slowly than the 
ethers. This would suggest that in the PETP/PC blend, PETP would be preferentially 
stained. 
5.3.3 Staining procedure and TEM observations 
Thin sections of the bulk specimens (approximately 0.5gm thick) were obtained at 
room temperature using a Cambridge Huxley microtome equipped with a glass knife. 
A 0.5% stabilised aqueous solution of RuO,, was obtained from Fluorochem Ltd in 
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JOCM3 snap-open vials. The sections supported on mesh grids were exposed for 30 
minutes to RuO4vapours in a desiccator containing a few millilitres of the solution. 
Stained and unstained sections were observed in a JEOL JEM 100 CX transmission 
electron microscope at lOOkV. Scanning TEM (STEM) was used, as this results in less 
beam damage to the sample and has better penetration of the relatively thick samples. 
Scanning TEM involves scanning a fine beam of electrons over the sample and 
detecting transmitted electrons with a scintillator photomultiplier arrangement. Viewing 
of the image is on a cathode ray tube (CRT). 
5.3.4 Effect of staining 
Figures 96 and 97 show sections from the same sample (B85W) (which contains 85% 
by weight PETP, <83.5% by volume), only one of which was stained. Comparing 
these two photomicrographs it can be seen that staining improves contrast further. 
When magnification is increased from 5 to 10K the two separate phases in the stained 
sample are obvious (Figure 98). 
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Figure 96 
B85W unstained (x5K) 
Figure 97 
B85W stained With RuO 
for 30 minutes (x5K) 
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Figure 98 
B85W stained with RU04 
for 30 minutes (x]OK) 
These results suggest that the staining technique with RuO, is a useful method for 
enhancing the contrast between PETP/PC in STEM, and therefore was adopted in 
subsequent work to study the morphology of the blends. 
5.3.5 Morphological studies of PETP/PC blends by scanning 
transmission electron microscopy 
Figures 99 to 107 show the resulting morphologies for sections cut perpendicular to the 
flow front, in the centre region of amorphous mouldings. Little miscibility appears to 
be present in the blends, even when the PC level is quite low. Even STEM cannot 
resolve down to the 'molecular' scale, where some miscibility may be present. A wider 
range of PC levels will be investigated in the next chapter along with the effects of a 
phenoxy compatibiliser. 
It can also be seen from Figures 99 to 101 that as the PC (W) content increases from 15 
to 25%, the amount of PC observable in the photomicrographs increases 
correspondingly. This is also true of the blends with PC (X) (Figures 102 to 104) and 
PC (Y) (Figures 105-107). This would tend to confirm the composition of the blends. 
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It can be seen from Figures 99-107 that generally an increase in PC content leads to an 
increase in nodule size until nodules start to coalesce at the 25% level. This seems to be 
just below the level at which a two-phase network form and will therefore be assessed 
in the next chapter. Table 26 shows the increase in nodule size with increasing PC 
level, this is particularly noticeable in the BX blend (Figures 102 to 104). 
Table 26 Variation of nodule size of PC with blend composition (PC 
molecular weight increases in the following way; W, X, Y) 
Code Figure Diameter of PC '2nd 
Phase' nodules (pm) 
B85W 99 0.8 ± 0.2 
B80W 100 1.2 ± 0.25 
B75W 101 1.5 ± 0.3 
B85X 102 0.8 ± 0.2 
B80X 103 1.4 ± 0.4 
B75X 104 2.0 ± 0.5 
B85Y 105 0.4 ± 0.2 
B80Y 106 0.6 ± 0.2 
B75Y 107 IA ± 0.3 
Table 26 also shows that an increase in PC molecular weight from W to X has little 
effect on the nodule size. However an interesting result is observed in the BY blend 
(ie. PETP with the high molecular weight PC) at the low PC levels (Figures 105 and 
106) where the PC is present as fine well dispersed nodules. This might be expected to 
produce a significant improvement in the mechanical properties of the blend. Another 
interesting observation is the large size of PC nodules in the B75X blends (Figure 
104). 
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Figure 99 
B85W stained with RU04 
for 30 minutes (x5K) 
Figure 100 
B80W stained with RuO, 
for 30 minutes (x5K) 
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Figure 101 
B75W stained with RU04 
for 30 minutes (x5K) 
Figure 102 
B85X stained with RU04 
for 30 minutes (x5K) 
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Figure 103 
B80X stained with RU04 
for 30 minutes (x5K) 
Figure 104 
B75X stained with RuO4 
for 30 minutes (x5K) 
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Figure 105 
B85Y stained with RuO4 
for 30 minutes (x5K) 
Figure 106 
B80Y stained with RuO. 
for 30 minutes (x5K) 
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Figure 107 
B75Y stained with RU04 
for 30 minutes (x5K) 
5.3.6 Summary 
It has been shown that staining by RU04 is an excellent method of increasing the 
contrast between PETP and PC in PETP/PC blends. Analysis of stained sections using 
scanning transmission electron rnicroscopy (STEM), revealed the two-phase nature of 
these blends, supporting the earlier dynamic mechanical analysis work which showed 
that the blends had two glass transition temperatures. 
Vi injection mouldings of B85Y and B80Y the PC phase is present as fine, well 
dispersed nodules and in this form the blend may exhibit improved mechanical 
properties. 
5.4 Water uptake of PETP, PC and blends 
5.4.1 Introduction 
It is important to clarify which of the virgin polymers absorbs water preferentially and 
to determine what effect the blending of these two polymers has on water uptake, since 
this is likely to affect physical properties to a large extent. 
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The effect of varying PC molecular weight and concentration within the blend has also 
been investigated. PETP occurs in both amorphous and crystalline forms, therefore the 
effect of PETP crystallinity on water uptake will also be examined. 
5.4.2 Method 
Determination of the relative rate of absorption was carried out as described in ASTM 
D570. The test specimen was in the form of a bar 76.2mm (3 inches) long by 25.4mm 
(1 inch) wide by 4mm thick, with smooth edges. Three replicates were used for each 
sample under test, at each test temperature. 
Specimens were dried in a vacuum oven at 50'C for 24 hours, and immediately 
weighed. These conditioned samples were placed in distilled water held isothermally at 
20,40 and 70'C. They were removed from the water periodically, all surface water 
wiped off with a dry cloth, and weighed immediately. The specimens were weighed 
hourly for the first 12 hours, periodically up to 24 hours, daily for one week and then 
weekly for 6 months. After 6 months the samples were reconditioned and reweighed. 
The difference between reconditioned weight and conditioned weight indicates the 
water-soluble matter lost during the period of the test. 
5.4.3 Gravimetric results and discussion 
The diffusion and sorption of low molecular weight substances in polymeric materials 
is governed by several factors; primarily temperature and concentration (of the sorbed 
penetrant within the polymer), size and chemical interaction of the substance, as well as 
the microstructure and morphology of the polymer matrix. As we have shown 
diffusion of water into PETP is related not only to temperature, but also to thermal 
history (which controls the free volume of the more easily penetrable amorphous phase, 
and the extent to which crystallisation takes place initially). 
It can be seen in Figures 108-127 that moisture levels in the samples approach 
saturation. The data for water uptake up to the saturation level can be modelled by a 
power law of the following form: 
sorption = k(time)n 
toý AW H20(t) ": - log k+n 
log t 
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where AW H20 -'ý average mass fraction of water in the sample, and k and n are 
constants. 
When log AW H20 vs 
log is plotted, it gives an intercept at log k and a slope of value n. 
The gravimetric data was plotted in this way (an example is shown in Figure 128) and 
values of k and n determined; these are presented in Table 27. 
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Figure 113 Water uptake of BW at 20'C, effect 
of PC content 
0.8 
0.7 
0.6 
0.5- 
LIZ 
Ld 
0.4- 
0.3- 
0-2- 
0.1- 
0.0 
0 
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Figure 114 Water uptake of BX at 200C, 
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Figure 117 Water uptake of BX at 400C, effect 
of PC content 
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Figure 119 Water uptake of BW at 70'C, effect 
of PC content 
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FigureI18 Water uptake of BY at4OOC, 
effect of PC content 
I 
0.9 
0.8 
OJ 
Ld 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
I 
Legend 
0 80/20 
0 75/25 
5 10 lý ýo 25 -30 35 40 TIME (Hr. )1/2 
, 
Figure 120 Water uptake of BX at 70'C, 
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Figure 121 Water uptake of BY at 70'C, effect 
of PC content 
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Figure 122 Water uptake of PETP at 40"C, 
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Figure 124 Water uptake of B80 X, effect 
of water temperature 
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Figure 125 Water uptake of B85 X at 200C, 
effect of mould temperature 
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Figure 127 Water uptake of B85 X at 70'C, 
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Figure 128 Effect of water temperature on the water uptake of B80X 
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Table 27 Water sorption constants for PETP PC and blends for different water and mould tempera tures 
Water temperature 
Mould 
Code temperature 20'C 400C 7011C (OC) 
n lcý k n 105 k n 103 k B100 30 
. 41 -2.48 . 47 -2.40 . 46 -1.91 140 
. 40 2.53 . 46 -2.47 . 44 -1.92 
B85W 30 
. 40 -2.48 . 46 -2.42 . 50 -1.95 
B80W 30 
. 382 -2.43 . 44 -2.36 . 46 -1.95 
B75W 30 
. 38 -2.41 . 42 -2.33 . 49 -1.98 
B85X 30 
. 35 -2.32 . 40 -2.23 . 46 -1.92 90 
. 38 -2.39 . 39 -2.23 . 45 -1.91 140 
. 38 -2.52 . 45 -2.54 . 40 -2.03 
B80X 30 
. 40 -2.42 . 46 -2.42 . 45 -1.95 
B75X 30 
. 36 -2.38 . 40 -2.25 . 40 -1.89 
B85Y 30 
. 41 -2.50 . 40 -2.26 . 47 -1.95 
B80Y 30 
. 36 -2.33 . 45 -2.38 . 44 -1.93 
B75Y 30 
. 38 -2.40 . 42 -2.30 . 41 -1.89 
W 100 . 46 -2.49 . 41 -1.77 
x 100 . 48 -2.51 . 38 -1.92 
y 100 . 42 -2.43 . 46 -2.03 
5.4.4 Total water absorbed 
As water soluble matter was lost it means that the total amount of water taken up by the 
samples was actually greater than the value calculated from the weights prior to and 
after immersion. The actual amount of water absorbed was equal to the sum of the 
weight increase observed during immersion and the weight of the soluble matter lost. 
Table 28 shows that PETP absorbed water to a greater extent than PC at the test 
temperatures investigated. It also shows that amorphous PETP takes up more water 
than semi -crystalline PETP. Observations indicate that the water uptake of PC was 
unaffected by PC molecular weight. The amount of water uptake in a particular blend 
appeared to be governed by its relative PETP content and its' state of crystallinity. The 
major affect observed in Table 28 was that the total water absorbed depended on water 
temperature, indicating that water uptake was diffusion dominated. However, the main 
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effect of water temperature was Idnetic, as equilibrium needs to be reached to compare 
uptake. 
Table 28 Total water uptake after 6 months immersion 
Total water absorbed (%) 
Code Mould temperature @ 200C @ 700C 
(1, C) 
BIOO 30 1.00 1.17 
140 0.84 1.00 
B85W 30 0.91 1.11 
B80W 30 0.89 1.08 
B75W 30 0.85 1.05 
WO 100 0.42 0.54 
B85X 30 0.90 1.17 
90 0.87 1.15 
140 0.68 0.92 
B80X 30 0.88 1.11 
B75X 30 0.85 1.09 
X0 100 0.44 0.62 
B85Y 30 0.90 1.15 
B80Y 30 0.89 1.05 
B75Y 30 0.85 1.06 
YO 100 0.44 0.59 
5.4.5 Water-soluble matter loss 
Recordings of water uptake in water at 40'C were ceased due to a fault in the water 
heating device which resulted in overheating. The soluble matter loss results at 20 and 
70'C water temperature are shown below in Table 29. 
Table 29 Water soluble matter loss after 6 months water immersion at 20"C and 
70'C 
Soluble matter loss 
Code Mould temperature @ 20"C @ 70'C 
OC) 
BIOO 30 0.22 0.13 
140 0.18 0.07 
B85W 30 0.18 0.10 
B80W 30 0.14 0.10 
B75W 30 0.13 0.07 
wo 100 0.04 0.07 
B85X 30 0.15 0.13 
90 0.15 0.11 
140 0.13 0.08 
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B80X 30 0.15 0.10 
B75X 30 0.15 0.11 
X0 100 0.05 0.06 
B85Y 30 0.18 0.14 
B80Y 30 0.17 0.11 
B75Y 30 0.13 0.12 
YO 100 0.07 0.10 
It can be clearly seen from Table 29 that PETP components are more soluble in water 
than those of PC. However on blending, the soluble matter loss does not decrease 
significantly, the little that does occur, is likely to be related to the reduced 
concentration of PETP in that blend. 
It is interesting to note, that in the hot water where diffusion into the sample was 
greater, the soluble matter loss decreased. This apparent anomaly may be explained in 
the following way: dissolving of PETP components is a long term process, in hot water 
after long term immersion PETP crystallises and so reduces the water soluble 
components of the PETP. This explanation is supported by the observation that 
crystalline PETP (produced by high mould temperatures) has less soluble matter loss 
than amorphous PETP (produced by low mould temperatures). 
The source of this soluble matter loss in amorphous PETP is likely to be via 
hydrolysis. This is important as it indicates that even below Tg, hydrolysis does take 
place (albeit slowly) and results in soluble matter loss, and a reduction in PETP 
molecular weight. 
5.4.6 Discussion of water uptake data 
The state of crystallinity affects the water uptake of the pure PETP mouldings; this can 
be seen by comparing the amount of water uptake after moulding at two different mould 
temperatures (Figure 108 to 110). The samples moulded at 140'C are more crystalline 
than those moulded at 30'C (see section 5-2) which show less water uptake (70'C). 
Effect of water temperature can be clearly seen by comparing Figures 108-110; the rate 
of uptake is faster (Table 27) and the overall amount of water absorbed (Table 28) is 
greater in the hotter water (70'C). 
It can be seen by comparing Figures 111 and 112 with Figures 108-110 respectively 
that PC absorbs less water than PETP at either immersion temperature. It is also 
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apparent from Figures 111 and 112 that PC molecular weight does not affect the rate 
(Table 27) or amount of water absorption. 
From this information it would be expected that the more PC present in the blends, the 
less water would be absorbed. This cannot be seen for blends (with W and Y) 
subjected to low temperature water absorption, Figures 113 and 115, there may be 
some evidence however, from Figure 114, that X content reduces uptake at 200C. At 
higher immersion temperatures; 400C (Figures 116-118) and 700C (Figures 119-121) it 
can be seen that PC content is involved in reducing the overall amount of water 
absorbed, the effect is however very small, and probably insignificant to moulding 
performance. 
This effect is represented in Figure 122 which shows how the blend absorbs less water 
than pure PETP at the same immersion temperature. 
Figure 123 shows that PC molecular weight is relatively unimportant in determining the 
water absorbtion properties; the water absorýtion of the blend is reduced to the same 
extent irrespective of molecular weight. Blend absorbtion (Figure 124) was (as would 
be expected with diffusion) increased with raised temperature. 
Figures 125 to 127 show that the blend uptake is affected by PETP crystallinity in a 
similar way to PETP (Figures 108-110). 
Using the data in Table 28 it was possible to plot the amount of water absorbed against 
relative PETP content (Figure 129). This clearly shows that for blends the change in 
PETP/PC proportion directly affects the water absor'Ption properties, the overall 
magnitude of the effect appeared to be relatively small. 
It was observed that water absorption samples kept in water at 70'C became opaque 
after long term immersion, showing that the PETP portion of the blend was 
crystallising. 'Me degree of crystallinity of the samples was therefore determined after 
immersion using the DSC method described previously; the results are shown in Table 
30. 
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Table 30 Crystallinity of immersed samples 
Code Mould temperature % crystallinity 
(OC) wate r temperature 
200C 70*C 
BIOO 30 11.20 34.48 
140 19.08 33.28 
B80W 30 17.85 37.09 
B80W 30 17.85 37.09 
B85X 30 10.18 33.95 
90 16.07 35.30 
140 29.86 31.63 
B80X 30 9.90 38.10 
B75X 30 9.90 33.32 
B80Y 30 10.58 36.95 
Figure 129 Effect of PETP content on water uptake 
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It can be clearly seen in Table 30 that long term immersion of samples at 70'C results in 
crystallisation of the PETP portion. This may be a reflection of the reduced molecular 
weight of the PETP (as a result of hydrolysis) that facilitates this low temperature 
cry stall i sation. However, as this process occurs, the rate of water uptake drops and 
can be seen in Figures 110,119-121,123,124 and 127. This drop may also be a 
reflection of the amount of soluble matter lost. 
It can also be seen in Table 30 that the low temperature immersion samples only show 
appreciable crystallisation if previously subjected to a high mould temperature. The 
amount of crystallinity measured is related to mould temperature. However, the 
amount of crystallisation in the samples prior to immersion at 70'C does not appear to 
affect the overall amount of crystallisation obtained following immersion. 
It was noted, that PC samples kept in water at 70'C for long periods exhibited 
environmental stress cracking (see Figure 130 below). This effect has been well 
documented, but environmental stress cracking did not appear in any of the blend 
samples. 
Figure 130 
PC showing 
environ- 
mcntal 
stress 
cracking 
5.5 Mechanical properties 
The mechanical properties of injection moulded PETP/PC blends axe examined in this 
section. The state of PETP crystallinity (as a result of different mould temperatures) 
and its effect on blend properties is also deterrnined. 
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A few papers have described the mechanical properties of miscible blends W-40.160 , and 
report that properties such as modulus and strength lie above the additivity line which 
connects the values of the pure components. In some cases, these properties exhibit a 
maximum value greater than that observed for either pure component. 
The purpose here is to add information and insight about the mechanical behaviour of 
the blends of PET? and PC, which appear to be immiscible from the evidence of the 
morphologies determined in the TEM studies. 
5.5.1 Tensile strength and modulus - previous work 
Chen and Birley (26) determined the tensile properties of PETP, PC and PETP/PC at 
40/60 and 80/20 parts by weight. Dry specimens were tested at 20'C and comparisons 
were made of the tensile response of unannealed specimens (presumably amorphous) 
with those treated at 125'C for 18 hours (the PET? portion is likely to be appreciably 
crystalline); the results are shown in Table 3 1. 
Table 31 Tensile properties of PETP PC and their blends 
(After Chen and Birley(26)) 
PETP/PC 0/100 40/60 80/20 100/0 
Yield Stress 
(MPa) 
Break Stress 
(MPa) 
Yield Elongation 
M 
Break Elongation 
M 
Annealed Unannealed Annealed Unamealed Annealed Unannealed Annealed Unannealod 
68.5 59.5 71.55 59.71 79.90 56.89 Break 55.52 
No break 50.34 42.48 43.99 33.59 79.46 27.76 
13.3 16.0 13.9 116 14.2 11.0 Break 11.0 
>100 >100 200 110 40 ISO 18.5 120 
PETP samples after annealing, embrittled to fracture before yield. Dixon(117) showed 
that PETP samples with 40% crystallinity increased in yield stress with increasing 
crystallinity. The blends did not embrittle to fracture before yield, but remained ductile. 
The annealed blends increased in yield stress with increasing PETP content, reflecting 
the crystalline PETP portion of the blends. 
Unannealed blends showed no linear relationship between composition and yield 
stress. 
Adam et al(71) showed that annealing of PC leads to an increase in yield stress, this 
appears to be supported by the work of Chen and Birley(21). 
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5.5.1.1 Tensile strength measurements 
Specimens were cut and milled (machined) from the injection moulded plaques, parallel 
to the flow direction. 
Samples were tested according to BS2782: Part 3: Method 320A on a JJ Tensile Testing 
Machine, Type T5002 (JJ Lloyd Instruments Ltd), at a cross-head speed of 50 mm 
min. -'. 
Figure 131 
Tensile test piece. After 
BS 2782: Part 3: Method 
320A 
A 
Position of reference 
lines 
Dimensions are in millimetres. 
A Overall length 120 
B Width at ends 25 
C Length of narrow parallel portion 33 
D Width of narrow parallel portion 6 
E Small radius 14 
5.5.1.2 Tensile results 
F Large radius 25 
G Distance between reference lines 25 
H Initial distance between grips 80 
I Thickness 4 
A typical stress/strain curve is shown in Figure 132 from which the following can be 
determined: yield stress, elastic modulus and elongation to break. It is also possible to 
measure the area under the curve which will reflect the energy absorbing character of 
the sample. 
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Figure 132 
A typical 
PETP/PC blend 
tensile test trace 
IA 
tr 
V) 
Strain 
According to this standard, the tensile stress at yield is calculated from the following 
equati 
F 
"" *" -A 
(Y is tensile stress at yield (MPa) 
F is the force at yield (N) 
A is the initial cross-sectional area (nun2) 
The elastic modulus is based on the linear portion of the load extension curve from the 
equation: 
Em = 
AG 
AE 
where Ern is the elastic modulus 
Ay is the difference in stress between two points on the straight line 
(MPa) 
AE is the difference in strain between the same two points 
The percentage elongation at break, in relation to the original go ige length, is 
determined from the following equation : 
Ep =1 
10 
x 100 
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where Ep is the percentage yield at break 
I is the elongation at break (mm) 
L is the original gauge length (mm) 
The tensile results are presented in Tables 32-34. 
Table 32 Tensile properties of PETP B and blends of B with PC 
Blend Code Mould Yield Elastic Elongation Area Under 
Temperature Strength Modulus at Break Curve 
(OC) (MPa) (MPa) (%) [Energy] (J) 
BlOO 30 51.75 281 91 16 
60 72.96 494 69 8.8 
90 72.91 432 42 5.2 
B85W 30 68.45 410 69 11.6 
90 71.29 415 88 16.5 
15.5 
B80W 30 68.55 452 80 11.6 
60 70.54 369 53 14.1 
90 75.17 426 59 10.9 
140 80.79 463 42 10.9 
B75W 30 68.48 438 56 12.6 
60 77.03 483 56 11.6 
90 72.99 444 43 9.5 
B85X 30 64.53 403 56 8.8 
60 69.85 455 80 13.5 
90 75.06 420 53 11.6 
140 89.98 656 38 9.1 
B80X 30 72.78 416 59 12.6 
90 76.21 411 45 9.2 
140 85.42 478 54 11.2 
B75X 30 73.99 437 54 11.6 
60 73.90 477 51 10.9 
90 74.63 425 53 11.9 
B85Y 30 75.77 448 61 12.5 
60 68.40 469 53 8.9 
90 73.81 426 107 19.4 
B80Y 30 79.94 541 61 10.2 
60 66.39 368 133 29.1 
90 72.84 450 53 11.9 
140 75.36 488 29 5.9 
B75Y 30 73.74 447 56 11.2 
60 72.42 441 117 23.4 
90 74.92 456 51 11.2 
Typical < To (o <20 
Stan(M 
Deviations 
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Table 33 
Blend Code 
TWO 
"5W 
T80W 
T'75W 
T85X 
175X 
T85Y 
T80Y 
T75Y 
Typical 
Standard 
Deviations 
Tensile properties of PETP T and blends of T with PC 
Mould Yield Elastic Elongation 
Temperature Strength Modulus at Break 
(OC) (MPa) (MPa) (%) 
30 66.66 407 69 
60 61.12 410 64 
60 69.37 464 72 
90 72.93 490 77 
60 76.68 509 53 
90 74.01 486 70 
30 72.25 434 >200 
60 74.05 446 80 
30 64. oi 424 70 
60 71.59 444 >200 
90 62.92 387 >200 
140 73.51 483 74 
30 68.34 414 114 
60 72.21 461 61 
90 75.31 445 134 
30 71.39 481 90 
60 73.08 457 59 
90 73.79 476 66 
60 70.29 452 69 
30 75.36 465 56 
60 72.24 514 117 
90 69.14 489 77 
Area Under 
Curve 
[Energy] (J) 
11.2 
10.4 
12.6 
14.4 
10.6 
14.4 
>40 
15 
12.3 
>40 
>40 
12.9 
21.3 
12.5 
27.7 
16.8 
10.4 
12.7 
13.3 
12.3 
21.9 
14.4 
Table 34 Tensile properties of PC moulded at a mould temperature of 100'C 
PC Yield Strength Elastic Elongation at Area Under 
(MPa) Modulus (MPa) Break [Energy] (J) 
w 67.20 428 120 32.3 
x 63.06 411 168 44.1 
y 65.87 417 136 38.3 
Typical Standard <2 <10 
Deviations 
It can be seen from Table 32, that for pure PETP if the mould temperature is increased 
from 30'C to 60'C there is a significant increase in yield strength and modulus. This is 
likely to be due to the increased crystallinity that occurs as the polymer cools in the 
mould at this higher temperature. However Table 32 also shows that increasing the 
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mould temperature of B 100 results in reduced energy absorbing character, exemplified 
by the reduced elongation to break and area under the curve. 
Table 32 also shows that the energy absorbing character of the blends, in terms of both 
the elongation at break and area under the curve, is decreased by high mould 
temperatures which contribute to brittleness. This is particularly evident in blends 
subjected to a mould temperature of 140'C, for example, the energy absorbed by B80W 
falls from 15.5J at a mould temperature of 30'C, to 10.9J at a mould temperature of 
140'C. 
In terms of their energy absorbing character BY blends are better at absorbing energy 
than both BW and BX, this could be due to PC nodules in the BY blend being finely 
dispersed. 
Comparing B100 (Table 32) and T100 (Table 33) it can be seen that the injection 
moulding grade (B 100) has better tensile properties at a mould temperature of 60'C. 
This may be due to the lower molecular weight material crystallising to a greater extent, 
although the overall levels of crystallinity are low (Section 5.2) at this mould 
temperature. 
It can be seen from Table 34 that there is little difference between the PC's in terms of 
their yield strength and modulus, however, it would appear that PC X has the best 
energy absorbing characteristics. Table 33 shows that the TX blend has excellent 
energy absorbing character. It can also be seen that partially crystalline B100 has a 
higher tensile yield strength than the PCs. 
The effect of blending PC with PETP on the tensile properties at a mould temperature 
of 90'C is demonstrated in Figures 133 to 135. 
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Figure 133 Tensile properties of BW (mould temperature 90'C) 
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It can be seen in Figures 133 and 134 that blends at the 80/20 level have an increased 
yield strength and that it is likely that the elastic modulus behaves as would be expected 
from simple additivity. 
Figure 135 shows that the addition of PC Y around the 75/25 level produces an 
increase in modulus and yield strength; greater than either of the virgin materials. 
Figures 136 to 138 show the tensile properties of PETP/PC blends when the PETP 
portion was substantially amorphous, as a low mould temperature was used. Figure 
136 indicates that the tensile properties of the BW blend behave as would be expected 
from additivity. The increased yield strength exhibited by the BX blend at the 80/20 
level (for the higher mould temperature) can also be seen when the PETP is 
substantially amorphous (Figure 137). 
Figure 138 shows that BY blends (when the PETP portion is substantially amorphous) 
show an increased yield strength and modulus; evidence for improved tensile properties 
in BY blends have been seen earlier (Figure 135). 
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Figure 134 Tensile properties of BX (mould temperature 900C) 
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Figure 135 Tensile properties of BY (mould temperature 90'C) 
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Figure 136 Tensile properties of BW (mould temperature 3011C) 
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Figure 137 Tensile properties of BX (mould temperature 30'C) 
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Figure 138 Tensile properties of BY (mould temperature 30'C) 
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5.5.2 Flexural strength and modulus 
Little work has been reported previously on the flexural properties of PETP/PC blends, 
which are of importance if the material is to be considered for structural, load-bearing 
applications. 
The object of this section is to characterise the flexural properties of the blend in terms 
of : 
a) PETP type 
b) PC molecular composition 
C) PETP/PC composition 
and d) mould temperature. 
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5.5.2.1 Determination of flexural strength and modulus 
Flexural testing was carried out in accordance with BS 2782: Part 3: Method 335A. A 
standard three point loading system, with centre-loaded samples on a simply supported 
jig was used. 
Flexural samples were cut from the injection moulded plaques parallel to the flow 
direction and had the following dimensions : length >125mm, width 10mm and 
thickness (J) 4mm. The exact width and thickness of each bar was measured prior to 
testing. The span was set at 65mm which is between 15h and 17h as required by the 
standard. Flexural testing was then carried out at a speed of lOmnVmin. 
The following equations were used: 
Maximum flexural stress, S= 
3PL 
2b& 
LIM 
Flexural Modulus of elasticity, EB - 4b'd3 
where P= maximum load, N 
L= support span length, m (0.065m) 
b= width of beam tested, m 
d= depth of beam tested, m 
m slope of the tangent, to the initial straight line portion, of the load 
deflection curve, N/m 
If the deflections in the flexural test exceed 10% of the support span, the maximum 
stress for a simple beam can be approximated with the following ASTM equation(167) 
S= (3PL/26d'). [l +6 (D/L)2- 4 (d/L) (DALA 
where S, P, L, b and d are as-defined above and D is the deflection in metres of the 
centreline of the specimen at the middle of the support span. 
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5.5.2.2 Flexural results 
Table 35 Flexural properties of PETP B and blends of B with PC 
Sample Code Mould temp. Flexural Flexural 
(OC) strength modulus 
(NEPa) (GPa) 
B100 30 86.1 2.53 
60 93.3 2.50 
90 91.2 2.27 
B85W 30 91.9 2.6 
90 92.9 2.38 
140 97.8 2.54 
B80W 30 93.7 . 2.35 
60 92.9 2.38 
90 96.1 2.51 
140 99.2 2.71 
B75W 30 92.0 2.52 
60 94.4 2.48 
90 96.4 2.37 
B85X 30 100.2 2.50 
60 101.1 2.46 
90 92.8 2.47 
140 165.8 2.87 
B80X 30 96.3 2.59 
90 95.7 2.35 
140 106.8 2.73 
B75X 30 96.3 2.49 
60 95.7 2.42 
90 97.0 2.47 
B85Y 30 90.0 2.38 
60 95.4 2.56 
90 95.7 
. 
2.57 
B80Y 30 90.0 2.37 
60 97.5 2.53 
90 97.3 2.46 
140 104.4 2.73 
B75Y 30 94.4 2.43 
60 99.3 2.48 
90 96.3 2.48 
Typical <0. I 
Standard 
deviations 
*ASTM corrected for large deflection 
Deflection at 
yield 
(mm) 
8.8 
8.8 
9.6 
9.2 
9.6 
9.1 
9.4 
9.2 
8.8 
9.2 
9.2 
9.2 
9.6 
9.4 
8.8 
8.8 
9.6 
9.2 
8.8 
9.6 
9.2 
9.2 
9.2 
9.4 
9.2 
9.6 
9.2 
9.2 
9.2 
9.8 
9.6 
9.6 
9.2 
Corrected* 
flexural 
strength (M[Pa) 
92.7 
100.4 
99.9 
106.4 
101.6 
106.2 
102.0 
99.9 
103.3 
107.6 
99.9 
102.5 
105.6 
109.4 
109.0 
99.9 
183.4 
104.7 
103.0 
117.1 
104.7 
104.0 
105.3 
98.3 
103.7 
104.8 
97.7 
106.0 
105.8 
114.9 
103.6 
108.8 
104.7 
<2 
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Table 36 Flexural properties of PETP, T and blends of T with PC 
Sample Code Mould temp. Flexural Flexural Deflecdon at Corrected* (OC) strength modulus yield flexural 
(MPA) (GPa) (mm) strength 
(MPa) 
TIOO 30 88.7 2.45 8.8 95.4 
60 87.9 2.33 8.6 94.1 
T85W 60 94.0 2.24 9.1 101.7 
90 100.4 2.64 9.2 108.9 
T80W 30 95.5 2.31 9.2 103.5 
60 96.5 2.57 9.2 104.9 
90 93.1 2.42 8.8 100.1 
T75W 30 90.7 2.54 8.0 96.1 
60 93.7 2.56 8.4 99.9 
T85X 30 90.7 2.35 9.0 98.0 
60 91.0 2.45 8.8 97.9 
90 92.9 2.45 9.2 101.0 
140 100.3 2.73 8.8 108.0 
T75X 30 93.7 2.53 8.6 100.6 
60 93.1 2.67 8.6 100.0 
90 102.0 2.54 9.4 111.3 
T85Y 30 90.2 2.53 8.6 96.6 
60 95.5 2.45 8.8 102.7 
90 93.4 2.32 8.8 100.2 
T80Y 60 94.7 2.45 9.0 102.3 
T75Y 30 100.0 2.73 9.0 108.1 
60 95.3 2.77 9.2 103.6 
90 98.9 2.71 9.2 107.5 
Typical <0. I <2 
Standard 
deviations 
*ASTM corrected for large deflection 
Table 37 Flexural properties of PC 
Sample Code Mould temp. Flexural Flexural Deflection at Corrected* 
(OC) strength modulus yield flexural 
(MPa) (GPa) (mm) strength 
(MPa) 
w 100 114.7 2.59 14.4 142.7 
X 100 110.3 2.39 14.4 137.2 
Y 100 110.8 2.29 14.4 137.8 
Typical <0. I <I 
Standard 
deviations 
*ASTM corrected for large deflection 
From Tables 35 and 36 it is apparent that BlOO (the injection moulding grade PETP) 
has slightly better flexural properties than TIOO (the extrusion grade). When different 
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types of PC are compared (Table 37) there is no significant difference between the 
flexural strengths of the different grades of PC, but the flexural modulus does appear to 
decrease slightly with increasing PC molecular weight (W to Y). The flexural strength 
of PC is also greater than that of the PETP. 
The effect of blending PC with PETP on the flexural properties, at a mould temperature 
of 90'C, is demonstrated in Figures 139 to 141. It can be clearly seen that the blends 
have a marginally higher flexural modulus than would be predicted from simple 
additivity; however, generally they have a flexural strength which is lower than 
expected. The exception to this generalisation occurs in the BX blend (Figure 140) at 
the 80/20 level which shows an increased modulus and an increased flexural strength. 
The effect of blending PC with amorphous PETP on the flexural properties is shown in 
Figures 142-144. It can be seen that the blends do not exhibit any significant deviation 
from those expected from simple additivity. 
As with tensile properties, the flexural properties of the blends were increased 
significantly by using a mould temperature of 140'C, reflecting the crystallisation of the 
PETP portion that occurs at higher mould temperatures. 
Figure 139 Flexural properties of BW (mould temperature 90'Q 
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Figure 140 Flexural properties of BX (mould temperature 90T) 
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Figure 141 Flexural properties of BY (mould temperature 90T) 
150 
140 
Modulus 
130 
------- ----- ---------- 
120 
.C 
CA 110 ca Flexural Strength ri L 4j U) 100 - 
13 
go 
- 
4J 
so 
- 
U 
co 
L 
L 
70 
60 
50 
0 io 20 30 
3 
2 
0 
0, 
0 
x 
r-I 
m 
L 
x 
(D 
LL 
80 90 106 
3 
2 
a. 
m 
L 
x 
a) 
LL 
-j 0 
100 
177 
40 50 60 70 80 90 
Weight % PETP 
Figure 142 Flexural properties of BW (mould temperature 301C) 
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Figure 143 Flexural properties of BX (mould temperature 30T) 
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5.5.3 Impact performance 
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Chen and Birley(26) measured the Charpy impact strength of PETP/PC blends; they 
showed that addition of PC to PETP leads to an improvement in Charpy im . pact 
strength. This was attributed to the high impact strength of PC at low temperatures(74). 
Chen and Birley(26) also showed that annealing of the blends lead to a deterioration in 
impact strength, presumably due to crystallinity development in the PETP-phase. 
This work suggests that the blending of PC with PETP would improve impact strength, 
but that this would be determined to some extent by moulding conditions. Therefore 
the effect of PC on the energy absol-ption characteristics will be investigated, along with 
deflection and peak force data from an instrumented falling weight test. 
The work wiH investigate the effects of : 
1) PC content 
2) PC molecular weight 
and 3) PETP crystallinity (by changing mould temperature) 
Flexural properties of BY (mould temperature 301C) 
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5.5.3.1 Determination of impact properties 
Most work on impact performance of PETP, PC and blends, has involved the use of 
pendulum impact machines, where the differences in the initial and final potential 
energy are easily measured. The two most common types of test (Izod and Charpy) 
involve the bending of notched specimens. 'These tests, however, do have 
shortcomings. The test conditions are arbitrary, with the impact speed, method of 
stressing and sample geometry, fixed. Under these conditions it is unlikely that the 
results would be representative of the material behaviour under different conditions 
during in-service use. Also, when the standard specimen contains a sharp notch, it is 
propogation energy rather than initiation energy which is the dominant factor. 
For these reasons it was decided to test the materials using a falling weight test, in 
which the instrumentation facility offers a continuous trace of force (which can be 
integrated to energy) during impact. 
5.5.3.2 The Instrumented Falling Weight Impact Tester (IFWIT) 
A diagram of an IFWIT can be seen in Figure 145 and for this study a Rosand IFWIT, 
Type 5 was used. The Rosand instrumented impact system is equipped with 
microprocessor systems to measure and store the force and deflection readings 
throughout the impact, so that calculations of energy can be carried out. 
The samples used were uncut whole plaques (so that cut marks did not act as stress 
initiators) of 4mm thickness. The plaques were - 120mm long and - 75mm wide. 
The actual velocity at impact, is determined from the time it takes the 25kg weight to 
travel the last 5mm before impact; the overall velocity is governed by the drop height 
chosen. In this case the drop height was Im, corresponding to an impact velocity of 
-4.5 nVs. 
After a test the microprocessor converts force-time to force-deflection (by assu'-'Ing 
constant velocity), then carries out integration on the force-deflection data to give 
energy-deflection information. The maximum force during the fracture event, and total 
energy absorbed during the failure, can therefore be determined. 
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Figure 145 Diagram of the Instrumented Falling Weight Impact Tester 
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5.5.2.3 Impact results 
A typical IFWIT force-deflection trace is shown in Figure 146. From this the 
parameters in Tables 38-40 could be determined and the total energy absorbed shown 
by the area under the curve. 
The impact results obtained from force-deflection traces are summarised in Tables 38- 
40. 
Figure 146 A typical 97WIT force-deflection trace 
Rosand instrumented impact test system 
Sample B85 x 30 
Details 2 
Date 20/09/91 
Time 09: 51: 58 
Mass 25 kg 
Impact Velocity 3.409 m/s 
Filter Frequency 2.5 kHz 
Peak Information 
Force 
Deflection 
Energy 
Gradient 
9289. N 
3.985 mm 
33.12 J 
11.22 kN//m 
Failure Information 
Deflection 16.03 mm 
Energy 106.5 J 
NF 
80610. 
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Table 38 Impact properties of PETP B and blends of B with PC 
Sample Mould Peak Information Failure Information 
Code Temp 
Force Deflection Energy Deflection Energy 
OC N mm mm i 
B90N 30 9115 13.67 67.28 27.79 157.10 
(B100) 60 9373 13.46 68.13 27.89 161.50 
90 9151 13.24 63.59 29.19 151.70 
B85W 30 9427 16.39 62.71 29.94 180.60 
90 9507 13.28 68.66 26.81 161.30 
140 1381 4.16 3.21 9.87 8.66 
B80W 30 9490 13.77 69.67 28.30 169.90 
90 9587 14.30 76.87 26.83 171.10 
B75W 30 9606 14.16 73.98 29.17 163.50 
60 9587 14.07 73.94 26.71 165.60 
90 9782 14.31 76.93 26.25 166.70 
B85X 30 9431 4.10 33.89 17.15 116.50 
60 9431 6.05 46.04 18.34 121.33 
90 9709 6.08 48.26 16.19 119.95 
140 1862 3.61 2.83 6.14 4.80 
B80X 30 9626 17.69 86.01 32.03 181.10 
90 10130 14.80 81.32 28.21 179.30 
140 2199 3.15 2.67 6.60 6.28 
B75X 30 9668 14.34 76.79 28.33 173.90 
90 9573 8.63 59.75 20.67 146.90 
B85Y 30 9323 6.08 46.55 17.49 122.40 
60 9130 14.32 69.87 27.47 153.70 
90 9656 14.10 70.68 27.80 166.70 
B80Y 30 9527 14.15 74.06 26.78 168.90 
60 9657 13.93 74.81 28.91 170.30 
90 9512 13.50 71.89 29.21 165.60 
140 4780 9.36 23.69 14.65 44.68 
B75Y 30 9133 13.88 67.81 29.09 167.7 
60 9268 14.50 73.59 29.84 164.50 
90 9706 14.53 77.32 28.18 172.50 
Typical <100 <1 <5 <1 <8 
standard 
deviations 
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Table 39 Impact properties of PETP T and blends of T with PC 
Sample Mould Peak Information Failure Information 
Code Temp 
Force Deflection Energy Deflection Energy 
OC N mm i mm i 
TIOOS 30 9162 13.42 66.91 27.41 157.40 
(TIOO) 60 9340 13.43 68.65 28.85 169.40 
T85W 60 9568 16.47 62.36 30.19 144.99 
90 10228 13.84 64.06 29.43 214.43 
now 30 9812 15.33 84.03 32.77 200.70 
60 10755 15.10 90.00 29.03 192.50 
90 10920 15.41 89.22 30.86 212.30 
775W 30 9956 14.28 76.09 29.21 180.00 
60 10610 14.73 84.04 29.65 199.00 
T85X 30 9970 5.92 49.58 18.01 133.17 
90 9802 14.41 78.04 29.72 180.50 
T75X 30 9846 15.06 81.80 29.97 195.90 
60 9950 14.91 81.42 31.90 206.60 
90 10473 5.39 45.88 16.22 134.40 
T85Y 30 10700 7.83 61.87 19.47 150.20 
60 9954 15.01 78.47 30.55 192.10 
90 9964 8.17 58.87 20.90 151.40 
T80Y 30 9504 14.40 76.16 29.77 168.00 
60 9665 14.40 76.49 29.31 184.00 
90 10370 14.39 78.67 29.54 197.70 
T75Y 30 9836 15.06 81.77 30.05 193.20 
60 9571 14.50 76.97 29.190 183.10 
90 10315 13.92 83.89 28.96 203.20 
Typical <100 <1 <5 <2 <8 
standard 
deviations 
Table 40 Impact properties of PC 
Sample Mould Peak Information Failure Information 
Code Temp 
Force Deflection Energy Deflection Energy 
OC N mm i mm i 
121(W) 100 12660 19.31 134.87 22.35 147.60 
161(X) 100 13887 21.48 166.90 22.37 175.40 
154(Y) 100 13080 21.23 156.50 22.31 166.70 
Typical 
standard 
deviations 
<120 <1.2 <5 <10 
In Tables 38 and 39 there is evidence to suggest that maximum force increases with 
raised mould temperature from 30 to 90'C. As samples are put into bending on impact 
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the maximum force behaves in a similar way to the flexural strength data shown in 
Tables 35 and 36. As expected maximum force and flexural strength increased when 
the mould temperature was raised, this resulted in increased PETP crystallinity and 
therefore produced stiffer samples. However, when the mould temperature was 
increased to 140'C (resulting in substantial crystallinity) the maximum impact force fell 
dramatically (unlike the flexural strength), due to premature brittle failure. 
Figures 147 to 152 show that the peak force on impact is linearly related to PETP/PC 
composition, at both 30 and 90'C mould temperatures. 
The energy absorbed by the samples is a measure of the material's toughness (ie. its 
ability to absorb strain when higher forces are created). In most cases the energy 
absorbed to the peak appears to be related to the PC content. Some of the samples, 
(particularly those moulded at 30'C, ) however did not absorb as much energy at the 
peak as was expected and from Table 38 it appeared that their deflections were less than 
other similar samples (although the peak force values were similar). 
It is interesting to compare the total energy absorbed in the blends with the virgin 
materials. It can be seen in Figures 147 to 152 that in nearly all cases the blends have 
improved toughness in terms of total energy absorbed. This improvement in blend 
properties is a reflection of the change in failure. mode from PC to PETP. It can be seen 
in Figure 153 that the energy absorbing characteristics of PC decreased rapidly after the 
peak (rapid crack propagation, typical of a notch-sensitive material) and resulted in little 
difference between the energy to failure and total energy absorbed values for PC (Table 
40). Figure 154 shows how the force-deflection curve for PETP is more regular and 
thus energy absorbtion continues after the peak (slower crack propagation). It can be 
seen from Figure 155 that PETP/PC blends have the same failure mode as PETP, but 
they also have increased peak force as a result of the PC component. The net result is 
improved toughness due to greater total energy absorbed (shown in a force-deflection 
curve by increased area under the curve). 
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Figure 147 Impact properties of BW (mould temperature 901, C) 
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Figure 148 Impact properties of BX (mould temperature 900C) 
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Figure 149 Impact properties Of BY (mould temperature 9()OC) 
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Figure 150 Impact properties of BW (mould temperature 30'C) 
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Figure 151 Impact properties of BX (mould temperature 30PQ 
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Figure 152 Impact properties of BY (mould temperature 301C) 
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Figure 153 Force-deflection curve for PC (W) 
Rosand instrumented impact test system 
Drive 2 
Sample w 
Details 
Date 19/24/19 
Time 47: 07: 11 
Mass 25 kg 
Temp 20"C 
Failure Information 
Deflection 20.81 mm 
Energy 149.4 J 
KH For-ce-Distance 
15.001 
10.00 
5.000 
8 
Peak Information 
Force 
Deflection 
Energy 
12.69 KN 
19.61 mm 
138.3 J 
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Figure154 Force-deflection curve for PETP (B) 
Rosand instnmented impact test system 
Drive 3 
Sample B 10090 
Details 
Date 19/24/19 
Time 50: 11: 10 
Mass 25Kg 
Ternp 20"C 
Failure Information 
Deflection 28.76 mm 
Energy 148.9 J 
N For-ce-Distance 
12000t. 
88619. 
4000. 
IE 
Peak Information 
Force 
Deflection 
Energy 
Gradient 
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Figure 155 Force-deflection curve for PETP/PC blend B80W 
Rosand instrumented impact test system 
Drive 1 
Sample B80W90 
Details 
Date 19/24/19 
Time 62: 34: 15 
Mass 25 Kg 
Temp 20*C 
Peak Information 
Force 
Deflection 
Energy 
Gradient 
9861 N 
14.33 nun 
73.29 J 
54.04 KN/m 
Failure Information 
Deflection 27.90 mm 
Energy 173.3 J 
N For-ce-Distance 
1200101. 
86810. 
4000. 
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5.5.4 Effect of long term hot water ageing on the PETP/PC blend 
PETP and PC are both hydrolysed by long term hot water immersion; also PETP 
crystallises and PC is susceptible to stress cracking. It is therefore important to 
investigate the effects that this treatment will have on blends of the two polymers. 
5.5.4.1 Experimental procedure 
Plaques of TlOOS/121 85/15 (T85W) (moulded at two mould temperatures, 30 and 
60'C) were immersed in water at 70'C for 15 weeks. Plaques were mechanically tested 
at intervals and the effect of immersion time on impact and tensile properties was 
determined. Mechanical tests were conducted as described previously in sections 
5.5.1.1 and 5.5.3.2. 
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5.5.4.2 Mechanical properties after hot-water ageing 
The impact and tensile properties of the blend are shown in Tables 41 and 42 
respectively. 
Table 41 Impact properties of T85W after hot water immersion 
Immersion Peak force (N) Energy absorbed at Total energy absorbed 
time max. force (J) Q) 
(weeks) (hrs) 300C MT* 600C MT* 300C MT 600C MT 300C MT 600C MT 
0 0 9427 9568 62.71 62.36 180.6 145 
1 13 1637 1814 3.14 2.28 5.9 5.39 
2 18.3 1301 1479 2.56 1.035 4.18 2.85 
3 22.4 1337 1154 0.54 
. 99 1.8 3.61 
5 29 1099 1383 0.63 1.33 4.07 5.37 
7 34.3 899 1022 0.88 1.81 5.1 3.35 
10 41 301 1072 0.23 1.09 . 63 3.47 
15 50.2 291 782 0.17 1.14 .4 3.29 
Table 42 Tensile properties of T85W after hot water immersion 
Immersion time It-2:;;; Tensile strength (M[Pa) 
(weeks) (hrs) 30"C MT* 60'C N1T* 
0 0 68.45 69.37 
1 13 59.06 63.99 
2 18.3 62.46 61.53 
3 22.4 67.28 69.04 
5 29 72.21 67.75 
7 34.3 69.04 74.91 
10 41 65.17 62.47 
15 50.2 54.13 56.36 
It had been observed previously that during the ageing period (at 701C) the PETP 
portion of the blend crystallised; thus the amount of crystallinity in the samples was 
determined** as a function of duration of immersion, and the following results were 
obtained for T85W30 (Table 43). 
= Mould Temperature 
Appendix 9 
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Table 43 Effect of immersion duration on degree of crystallinity 
Immersion time V-ý Crystallinity 
(weeks) OUS) (0/0) 
0 0 6.0 
1 13 20.2 
2 18.3 20.3 
3 22.4 26.6 
5 29 29.1 
7 34.3 31.1 
10 41 32.6 
15 50.2 33.2 
The PETP in the blend has an apparent Tg of 75'C before immersion. However it can 
be seen from Figure 156, that over 15 weeks gradual crystallisation occured at the 
water temperature of 70'C. The probable cause of this was as follows ; 
1) Water was absorbed which reduced the Tg, 
2) Crystaffisation occured at 70'C (which is now above Td, 
3) Further exposure/ageing at 70'C caused hydrolysis (a chemical effect), 
4) The reduction in molecular weight which then accelerated the rate of 
crystallisation. 
It can be seen in Figure 156 that the effect of increased crystallinity is decreased peak 
force at impact. This had been observed previously when PETP crystallinity was 
increased significantly by use of a high mould temperature (Table 38). The toughness 
of the material also decreased, in a similar way, as can be seen by comparing Tables 41 
and 38. Energy absorption was reduced significantly when the level of PETP 
crystallinity was either raised by high mould temperatue or hot water immersion. 
Figure 157 shows how increasing the PETP crystallinity of a sample results in 
increased tensile strength up to 30%. At >30% the blend becomes very brittle; this 
could be due to the fact that during immersion the remaining amorphous PETP is 
extensively hydrolysed resulting in signficant molecular weight loss. Eventually the 
loss in molecular weight could no longer be compensated for by increasing crystallinity 
and so the sample failed in a very brittle manner. 
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Figure 158 shows that on impact there is a rapid reduction in energy absorbed with 
increasing crystallinity. It has been shown in this section that the PETP/PC blend 
offers no 'special' properties in the way of resistance to hot-water ageing. 
Figure 156 Effect of increasing crystallinity on impact strength 
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Figure 157 Effect of crystallinity on tensile strength 
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Figure 158 Effect of crystallinity on the total energy absorbed on impact 
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5.5.5 Deflection temperature under a load (DTL) 
The deflection temperature under a load is a measure of the upper working temperature 
of a polymer. Nadkarni(") suggests that the heat distortion temperature of thermoplastic 
polymers may be improved by blending with amorphous polymers such as 
polycarbonate. However no evidence for this is offered in the paper and the references 
cited(IZ2D-22,145,161) do not refer to heat deflection temperature or deflection temperature 
under a load. 
5.5.5.1 Determination of DTL 
The DTL is determined by following the method detailed in BS 2782: Part 1: Method 
121 A. This method determines the temperature at which a specified deformation occurs 
when a test piece is subjected to a specified bending stress (under three-point loading) 
and conditions of uniform rate of temperature increase. The apparatus used for 
determination of the DTL is shown in Figure 159 and the conditions are detailed in 
Table 44. 
Table 44 DTL test conditions 
Blending Stress 
Heating Rate 
Standard Deflection 
Width of the test piece 
Deptli of the test piece 
Span between supports 
Length of the test piece 
1.8 MPa (Method 121 A) 
2*C/min 
0.32mm 
lomm 
4mm 
loomm 
125mm 
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Figure 159 Apparatus to determine temperature of deflection under a bending sti-ess. (After BS 2782 
: Part I: Methods 121A to 121C) 
feight 
-ight Carrying 
Plate 
Loading Nose 
Test Piece 
I est Piece 
Supports 
5.5.5.2 
Code 
BIOO 
B85W 
B90W 
B75W 
B85X 
B80X 
DTL results 
Mould temperature (C) 
30 
60 
90 
30 
90 
140 
30 
60 
90 
30 
60 
90 
30 
60 
90 
140 
30 
60 
90 
140 
DTL (C) 
65 
68.5 
70.5 
68.5 
70.5 
64 
68.5 
71.5 
63.5 
70.5 
71 
62.5 
67.5 
67 
73.5 
66 
68.5 
69.5 
70.5 
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B85Y 30 63.5 
60 67 
90 68 
B80Y 30 66.5 
60 68 
90 69 
140 69.5 
B75Y 30 68 
60 68.5 
90 69 
w 100 111 
x 100 114.5 
y 100 115 
It can be seen from the DTL results that PETP has a lower deflection temperature than 
PC, due to its lower T. - The DTL of PETP increases with mould temperature and this 
is likely to be a reflection of the increase in crystallinity. The blends also show an 
increase in DTL with mould temperature. This is a similar situation to the flexural test 
where there was an increase in flexural strength and modulus with increasing 
crystallimty due to P, ". sed mould temperatures (Table 35). 
There is no evidence from the DTL results or Figures 160 to 162 that PC in the blend 
increases the DTL. Therefore in this immiscible blend (at these levels) the blending of 
amorphous PC with a thermoplastic polyester (PETP) does not improve the heat 
distortion temperature. These results disagree with Nadkairni's(") suggestion. 
As PC does not raise the DTL of PETP, this would suggest that the PETP/PC blend 
can be processed in the thermoelastic region in a similar way to virgin PETP. 
The next chapter will look at a wider composition range of PETP/PC blends in terms of 
their morphology and behaviour in the thermoelastic region. This was to provide 
important information for processes such as fibre spinning, thermoforming, as well as 
the stretching phase of blow moulding. 
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Figure 162 DTL of BY 
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5.6 Conclusions 
5.6.1 Birefringence in the mouldings 
I 
A specific and rapid technique has been developed, to determine birefringence (whether 
stress or orientation-produced) as a function of the depth through the sample thickness 
from a single image. The birefringence present in the injection-moulded samples was 
found to be attributable to orientation. The birefringence profiles through the thickness 
of the samples were found to be symmetrical indicating that the mould temperature was 
similar on both faces of the mould. The most important factor in determining 
orientation in the mouldings was mould temperature; mouldings at a high mould 
temperature (90'C) had near zero orientation throughout the thickness. This indicates 
that significant relaxation occurs when the mould temperature is greater than the T,, of 
PETP. The levels of orientation in the mouldings were very low at the core and passed 
through a minimum close to the high shear region at the surface. The orientation that is 
present is mainly planar. In nearly all cases the surface orientation is much greater than 
the core orientation. 
200 
io 20 30 40 50 60 70 so so 100 
5.6.2 Crystallinity in the mouldings 
Blending of PC with PETP reduces the crystallinity of the PETP portion. Generally as 
mould temperature increases the amount of PETP crystallisation increases, this is 
particularly noticeable if the mould temperature is greater than the T. of PETP. In the 
mouldings the level of crystallinity is strongly influenced by cooling rates; rapid cooling 
(quenching) at the surface, results in amorphous PETP developing, whilst slow cooling 
at the core, for example, results in the PETP portion in this region having an extended 
opportunity to crystallise (typical level at 90'C is 6%). 
It is interesting to note that the surface skin of the mouldings has the highest degree of 
orientation and is usually totally amorphous. 
5.6.3 Morphology 
Staining with RuO4proved to be an excellent method of increasing the contrast between 
PETP and PC in PETP/PC blends. Analysis of the stained sections using scanning 
Transmission Electron NEcroscopy revealed the 2-phase nature of these blends. 
The injection mouldings of blends B85Y and B80Y the PC phase is present as fine well 
dispersed nodules, in this form the blends have better energy absorbing properties. 
5.6.4 Water uptake 
The state of crystallinity of PETP affects the water uptake. Samples moulded at 140'C 
show less water uptake as the PETP portion is more crystalline. 
The rate of water uptake is greater as is the overall amount of water absorbed (after 6 
months) in hotter water, due to increased diffusion. PC molecular weight and level are 
relatively unimportant in determining the water absorbtion properties of the blends. 
Long term immersion of blends at 70'C produces crystallinity of the PETP portion. 
This is attributed to a reduction in Tg and also, to the hydrolysis of the PETP portion 
(resulting in soluble matter loss), causing a reduction in PETP molecular weight which 
facilitates crystallisation at this low temperature. 
PC samples environmentally stress cracked, when kept in water at 70'C, but PETP and 
the blends did not. 
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5.6.5 Mechanical properties 
The tensile behaviour of PETP/PC blends is influenced by the state of crystallinity of 
the PET? portion. The tensile strength and modulus increased with PETP crystallinity 
as mould temperature was raised. However, it is also apparent that by increasing 
crystallinity - the energy absorbing character of the blend is reduced. Overall, 
BY blends were better at absorbing energy than BX and BW (in tensile tests) and this 
could be due to BY blend morphology. 
Blends at the 80/20 level have an increased yield strength. B75Y has a modulus and 
yield strength greater than either of the virgin materials. 
The flexural strengths of PETP/PC blends are not affected by PC type, however, PC 
molecular weight does influence the flexural modulus, with blend flexural modulus 
increasing with PC molecular weight. 
As with tensile properties, the flexu, ral strength and modulus were increased 
significantly by using a mould temperature of 140'C which produced significant 
crystallisation of the PETP portion. 
Generally, blends have increased flexural moduli and reduced flexural strength 
compared with linearity. The exception to this was B80X which showed increased 
flexural strength and modulus. 
The impact properties of PET? /PC blends are affected by PETP crystallinity in a similar 
way to tensile and flexural strength ie peak force increased with mould temperature. 
However, when the mould temperature was raised to 140'C (resulting in substantial 
crystallinity of the PET? portion) the maximum force fell dramatically. 
Peak force on impact increased in a linear way with increasing PC content. 
Generally the blends had improved toughness in terms of total energy absorbed. This 
advantageous property was related to a change in failure mode of the blend, compared 
with the virgin materials. 
During hot water immersion at 70'C gradual crystallisation occurs. The effect of the 
increased crystallinity of the PETP portion is a decreased peak force at impact, as well 
as a significant reduction in energy absorbtion. Increasing PETP crystallinity also 
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results in greater tensile strength up to 30% crystallinity. At >30%, however, the blend 
becomes very brittle. 
There is no evidence that PC molecular weight or content affects the deflection 
temperature under load (DTL). This would suggest that the PETP/PC blend could be 
processed in the thermoelastic region in a similar way to PETP. 
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6 BEHAVIOUR OF PETP/PC BLENDS IN THE THERMOELASTIC 
REGION 
6.1 Aims of the chapter 
To produce test pieces of the PET? /PC blend that are suitable for the Rutherford 
Elongational Rheometer. 
2) To examine the blends and to investigate the effects of processing and phenoxy 
(a commercial compatibiliser) on the PETP/PC blend morphology. 
To determine the stretching behaviour of the blends in the thermoelastic region, 
in particular-, 
a) effect of PC, 
effect of phenoxy resin, 
C) effect of test temperature, 
and d) effect of strain rate. 
6.2 Introduction 
Orientation in PETP is induced as a result of stretching the polymer in the rubbery state,, 
ie. between the glass transition temperature and the onset temperature of rapid thermal 
crystallisation. The orientation produced by this 'thermoelastic' processing enhances 
properties of amorphous PETP, giving rise to products that are lightweight and tough. 
Product technologies which exploit the enhanced properties of oriented PETP are 
uniaxially oriented fibres, filaments and strapping tape, thermoformed containers and 
biaxially oriented bottles and films. 
As has been shown previously, that PC increases mechanical properties including 
impact toughness of PETP. It is therefore necessary to perform elongational 
deformation studies in the thermoelastic region to determine if the PETP/PC blend can 
be processed in a similar way to PETP. If processing is feasible, the product might 
assume the improved properties associated with PC. 
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Liquid crystalline polymers (LCP's) usually have an intrinsically low melt viscosity, a 
tendency towards easy melt-state orientation and a crystalline order in the flow 
direction(169). The mechanical properties polyesters can also be improved by adding a 
LCP. Porter(170) studied the phase behaviour of binary compositions of LCP/PC and 
LCP/PETP. The LCP/PC mix produced a copolymer on transreaction, whereas the 
LCP/PET? blends exhibited phase separation. LCPs are currently of considerable 
interest because of their potential applications in, for example, high strength fibres, 
films and mouldings. 
The effect of a LCP on the PETP/PC blend may produce a ternary blend that is easily 
oriented, with excellent mechanical properties. 
6.3 Sample preparation 
Axtell(129) showed hoop-like specimens (an example of which is shown in Figure 163), 
could be cut from a sheet, using a die cutter, if the PET? was amorphous. However, 
this method was not used by Axtell as he was unable to obtain the polymer in sheet 
form. 
As this study required a large number of blends to be compounded, it was decided to 
modify the compounder die so that a strip was produced. This meant that a one-stage 
operation could compound the blend and provide a product that was in a suitable form 
for die cutting. 
Figure 163 
A Rutherford sample for elongational deformation 
Scale 1: 1 
6.3.1 Die design 
The die previously in use on the Baker Perkins (APV) compounder was a four strand 
die. 
Using shear stress, 'r =I 
RAP 
shear rate, =R 2L 7cRl 
and 'I = Tj i 
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where R= radius of capillary 
L= length of capillary 
Q= flow rate 
The current pressure drop, 
Ap = 
81lLQ 
nR4 
L and Q will be the same in the strip die and can therefore be assumed constant 
AP = cc . 
8T1 
nR4 
If R=1.5mm ((x = constant) 
. -. AP, = 0.5 x 
1012 Tj for 1 strand 
and AP4=2x ld 
7. Tj for 4 strands 
This means that the pressure drop in the strip die should be less than AP4 - 
A diagram of the proposed snip die is shown in Figure 164. 
Figure 164 The strip die 
wI 
(I 
3OTr%Th 
HAP . Using, c=-f- y 
.L WH2 
andr = ii 
HAP 6Q 
2L NVH2 
12LTJQ 
Again L and Q are the same for both die 
12il 
So AP = 30 x 13 X 10-12 
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. -. AP = 0.4 x 
1012 Tj 
ie. in terms of pressure drop this strip die could be used. 
Comparing Shear Rates 
Strand die 
i «» = 
49 
_ 
4Q 
= 0.38 x 109 Q irR3 7[(1.5)3 X 10-9 
Strip die 
0.2 x 109 WH2 30 x 10-9 = 
These values were of similar order so it was decided to proceed with the manufacture of 
the slit die to the dimensions quoted. 
As a uniform strip was needed, a sizing die was also required. After numerous trials 
and modifications a brass sizing die with a mirror finish was developed that produced 
uniform strip, this is shown in Figures 165 and 166. 
Figure 165 Slit die and sizing die (front view) 
Ccw4Tff-OLL-SD JNL-ST 
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Np,. TEJZ C>JlrLL-r 
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Figure 166 Slit die and sizing die (top view) 
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6.3.2 Compounding extrusion 
This was a one-stage process to blend the various polymers efficiently and extrude a 
strip that could be utilised as a source of test specimens for the Rutherford elongational 
rheometer. 
6.3.2.1 Materials 
PETP B90S (B) 10 
PC 161 (X) General Electric Co 
Phenoxy Phenol 4,4-(l-methylethylidene)bis-, polymer with Union Carbide 
(chloromethyl) oxirane (PH) 
The blend compositions were made up as in Table 44. In those compositions that had 
phenoxy added, the PETP/PC weight ratio was kept as stated and the phenoxy was 
then added as a percentage, of the whole. For. example, in a blend of PETP 80/PC20 
plus 5% phenoxy, the weights to be added were calculated as follows: 
80 20 PETP i-oo- x 95 +P -fo--o x 95 + PH 5 
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ie PETP/PC make up 95% of the blend and phenoxy the remaining 5%. 
Table 44 Blend Compositions 
Ratio PETP/PC Phenoxy 
(B) (X) 
50/50 
60/40 
60/40 5 
70/30 
70/30 5 
75/25 
80/20 
80/20 2.5 
80/20 5 
80/20 10 
90/10 
90/10 5 
100/0 
6.3.2.2 Processing 
A co-rotating twin screw compounder from the Baker-Perkins range (MP 2000) was 
used. The screw configuration selected was the same as used previously for PETP/PC 
blends as this had proved successful (see Figure 25). 
Die Camel 3D Orifice 6'x 60' 5x 45' 51/2D 
Back 
I 
Feed Plugs Mixing Mixing Feed Feed 
Discharge Screws Paddles Paddles Screws 
The method of operation was the same as stated previously (3.4.3.3) with all the 
components requiring predrying, as before. The product from the die, however, on 
this occasion was a strip and was drawn through the sizing die into the water bath. 
Once the strip had been fed carefully through the water bath it was taken up by the 
mechanical variable speed haul-off. The top sizing die was then clamped in place; this 
produced an even strip which was dried using a hot air drier. 
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After set-up, the blending was carried out at a constant torque level, other parameters 
were kept as constant as possible without sacrificing the evenness of the strip. 
Compounding conditions (given in Table 45) produced good quality strips. 
Table 45 Compounding condition 
Die 
Set temperatures (IC) 275 
Torque 14.8 Nm 
Die head pressure -4M? a 
Feed rate 110 g/min 
Screw speed 220 rpm 
Feed 
271 265 265 260 
(25%) 
Since developing the die sizer and use of the compounder as a strip extruder, it has 
subsequently been employed to produce strips for other investigations, these include; 
1) the use of polypropylene as strapping tape 
2) the use of M (OH)2as a fire retardant/suppressant in polyethylene. 3 
In both cases the quality of the strip produced has been good. 
6.4 Blend morphology 
Thin sections of the strip (approximately 0.5gm thick) were obtained at room 
temperature using a Cambridge Huxley microtome equipped with a glass knife. 
Sections were stained with vapours of a 0.5% solution of RuO, and were observed in a 
JEOL JEM 100CX transmission electron microscope (TEM) scanning mode. 
6.4.1 Morphological studies of PETP/PC blends and the effects of 
Phenoxy on the blend morphology 
Figures 167 to 181 show the morphologies of the PETP/PC compositions from 50 to 
90% PETP (some containing phenoxy) observed using STEM. 
In Figures 167 and 168 the blends have a rough appearance, this is probably due to the 
difficulty in microtoming a blend containing 40-50% PC. Figure 169 showing the 
B60X + 5PH blend demonstrates that there is a tendency for the polymers to align in 
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the flow direction. This is what would be expected when using a thin slit die and 
drawing in the flow direction using haul-off. In Figure 170, B70X again shows 
alignment in the flow direction. 
Figures 171 and 172 show the B70X blend + 5PH and although the flow direction is 
obvious from the shape of the PC nodules, the nodules themselves are more discreet. 
'Me phenoxy appears to encourage the PC to agglomerate, contrary to expectation. 
In contrast Figure 173 B75X with no phenoxy, exhibits extensive elongation in the 
flow direction. 
B80X (Figures 174 and 175) shows a very interesting morphology; the PC nodules are 
very small, evenly distributed and circular. 
It is possible that phenoxy present in phenoxy B80X + 2.5PH (Figures 176 and 177) 
(at a low level) is acting as a compatabiliser, as the two phases are not so distinct in this 
blend. 
Figures 178 and 179 show that the blend of B80X +5 and 10 PH has two distinct 
phases with larger PC nodules than both B80X and B80X + 2.5 PH. 
Figure 180 shows that even when PC content is as little as 10% (as in B90X) the 
nodules are still distinct, showing that PETP and PC are immiscible. The effect of 
phenoxy increasing the size of PC nodules is again seen in Figure 181 (B90X + 5PH). 
After studying the morphologies it would appear that two blends in particular were 
likely to show interesting mechanical properties (B80X and B80X + 2.5PH). T'here is 
little evidence to support the claims of the manufacturer, that phenoxy resin acts as a 
compatibiliser for PETP and PC, over the composition range studied. 
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Figure 167 
B50X sWnW 
with RU04 
(x I OK) 
Figure 168 
BOOX stained 
with RU04 
(x I OK) 
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Figure 169 
B60X + 5% 
phenoxy stained 
with RU04 
(x5K) 
Figure 170 
B70X stained 
with RU04 
(x I OK) 
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Figure 171 
B70X + 5% 
phenoxy stained 
with RU04 
(x5K) 
Figure 172 
B70X + 5% 
phcnoxy stained 
with RU04 
(xIOK) 
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Figure 173 
B75X stained 
with RU04 
(x5K) 
Figure 174 
B80X staine( i 
with RU04 
(x5K) 
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Figure 175 
B80X stained 
with RU04 
(x I OK) 
Figure 176 
B8OX + 2.51/, 
phenoxy stalncd 
with RU04 
(x5K) 
Ar- 
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Figure 177 
B80X + 2.5% 
phenoxy stained 
with RuO4 
(x I OK) 
Figure 178 
B80X + 5% 
phenoxy stained 
with RuO4 
(x I OK) 
I%m-li 
-"! 'w -ý 
4t - 
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Figure 179 
B80X + 100/( 
phenoxy stalnc4-1 
with RuO4 
(xIOK) 
Figure 180 
B90X stained 
with RU04 
(x I OK) 
'kits:, 
4ý44RAMLolimmmL qg 
S4, 
4k 
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Figure 181 
B90X + 5% 
phenoxy stained 
with RU04 
(x I OK) 
6.5 Elongational rheornetry of PETP/PC blends 
A requirement of controlled elongational flow experiments, is that they are either carried 
out at constant stress or constant strain rate, whilst the other parameter is determined as 
it varies with time. 
When considering viscoelastic materials, the length changes with constant extension 
rate. Therefore the instantaneous strain rate has to be defined, taking into account the 
current length 1,; hence the instantaneous strain rate, C, is defined as 
1 dL 
Lt * dt 
dL is the end-separation velocity, v, of the specimen dt 
vt 
L't 
This provides a convenient means of measuring instaneous strain rate from measured 
test parameters. 
The apparent elongational viscosity (k) can be defined as("') 
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CY 
where a is the true stress and C* is the instantaneous strain rate. 
The constant strain rate mode of testing, is used by increasing the test velocity in 
proportion to the specimen deformation. 
Axtell and Haworth(171)working with PETP found a significant deviation from the 
normal gradient of a true stress versus true strain graph at the onset of stress-induced 
crystallisation. This onset point could also be determined from stress growth function 
versus time graphs. This phenomenon is desirable in processing in the thermoelastic 
region as products assume their maximum physical properties only when local 
stretching is sufficient to induce significant crystallinity. 
Axtell and Haworth(170) state that further study of the strain induced crystallisation of 
PET? taking into account the effects of blending would be desirable. 
This study will determine the strain hardening behaviour of PETP, PETP/PC blends 
and the effect of phenoxy on the behaviour of these blends in conditions of constant 
strain rate. 
6.5.1 The Rutherford elongational rheometer 
The design of the Rutherford Elongational Rheometer was based on an earlier 
instrument developped by Munstedt(172). 
Improvements on his original design are: 
a) The layout of the instrument is horizontal, which simplifies practical aspects of 
the operation. It also permits the use of a hot oil heating system which 
improves temperature control compared with a hot-air system. 
PTFE horseshoe shaped specimen holders, allow hoop specimens to be 
immersed and positioned easily, obviously preferable to metal damping devices. 
C) True stress and strain rate are calculated, displayed and automatically recorded. 
d) 'ne test can be observed through a double-glazed inspection window. 
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The Rutherford Elongational Rheometer was first commissioned by Smoker<173) and its 
primary application was to examine the elongational flow characteristics of relatively 
high viscosity melts. The main thrust of research on the instrument to date is as 
follows. 
Smoker(173) studied the film-blowing characteristics of low-den -ity polyethylene 
grades. 
Arif(174) looked at the elongational flow of rigid and plasticised PVC. 
Axtell(129) examined the temperature dependence of melt-phase viscosity of PETP and 
pioneered the use of the Rutherford Elongational Rheometer to examine the region 
above T., including studies on strain-induced crystallinity. He also suggested that 
examination of PETP/PC blends should be undertaken. 
Specification 
Smoker(171) described the specification of the Rutherford Elongational Rheometer 
comprehensively for both the operating procedure and data analysis procedures. 
The Rutherford Elongational Rheometer is an instrument which assumes constant 
specimen volume. This assumption is valid in the melt phase(175) and is a good 
approximation at large strains even when the polymer is in the solid state. 
The Rutherford Elongational Rheometer has 2- horseshoe specimen holders. One is 
fixed, whilst the other is connected to a carriage which is driven by a motor (through a 
gearbox). This results in one end of the sample being fixed while the other is pulled 
away to produce the required extension. The two carriages run on guide rails parallel to 
the axis of the extension. 
The static carriage is connected via a pivoted beam, to a linear variable differential 
transformer-type force transducer, which measures the force transmitted through the 
beam. The force can be measured over one of the five ranges, between 1 and 100N. 
The moving carriage can be driven at velocity, adjustable over six continuous decades 
(10-5 to 100 ms-1). The drive velocity is displayed on a tachometer and the distance of 
the moving carriage is monitored by a potentiometer. Elongational strain rates are 
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available from 10-5 to 10 s-1, but rates of less than 10-3 S-1 are of little relevance to 
processing. 
When operating in constant strain rate mode, the Rutherford elongational rheometer 
works on a closed-loop feedback system. Feedback signals identify the specimen 
length and separation velocity and the strain rate is calculated. rhe calculated strain rate 
is then compared to the desired strain rate and the motor speed automatically 
manipulated accordingly (ie. to produce any adjustment required to the test velocity). 
Similarly, throughout the tests, signals of force, velocity and displacement *can be fed 
into the control module and compared with the equivalent preset conditions. Any error 
produces a servo-signal that corrects the motor speed accordingly. 
Data logging is carried out using an Apple Ile microcomputer and CEL interface unit. 
Software developed by Walker(176) was modified to allow rapid data collection. 
The specimen is immersed in a temperature-controlled oil bath containing a high thermal 
stability silicone oil, which acts as an efficient transfer medium. 
6.5.1.2 Experimental technique 
Test specimens of the type shown in Figure 163 were die cut from the extruded strip. 
The oil bath was preheated to the required test temperature. In set-up mode the carriage 
is returned to the starting position and the specimen placed on the specimen holders. It 
was then left to equilibriate for 4 minutes. 
The desired constant strain rate mode was selected and the initial specimen, length and 
equivalent diameter were set on the control panel. The 'equivalent diameter' is 
required, since the specimen is non-circular, the equivalent diameter is the diameter of a 
circle having the same cross-sectional area as the actual specimen. 
Equivalent diameter 
where t= specimen thickness 
and w= width of the hoop in the central region 
ýFhe required strain rate is set on the control panel. 
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The test was initiated and the time stress and displacement signals were recorded. 
Several runs at each strain rate and temperature were carried out with the average results 
being reported in the following sections. 
6.5.2 Elongational flow behaviour of PETP/PC blends in the 
thermoelastic region 
The commercial use of PETP, particularly in the form of fibres and films, has resulted 
in a number of investigations into tensile drawing behaviour. Rietzh et al(177) showed 
that PETP filaments exhibits uniform deformation above T. and necking below Tg. In 
addition Engelaere et al(178) found that tensile drawing behaviour of PETP above Tg was 
highly dependent on molecular weight. Spruiell et al(179) reported the effects of draw 
ratio, temperature and strain rate on the orientation and crystallinity produced in PETP. 
Stress (or strain) induced crystallisation of PETP accompanies elongational 
deformation; at a given temperature it occurs when the strain rate is sufficient to 
generate a critical stress within the material. Below Tg, necking and crystallisation are 
produced, provided that the test rates are not so rapid as to induce brittle failure. Uni- 
and biaxial stretching of PETP specimens near Tg may lead to non-uniform deformation 
unless the draw ratio exceeds a critical value characteristic of the onset of strain 
hardening due to stress-induced crystallisation("O). 
Bonnebat et al(110) linked the tensile drawing behaviour of PETP with another industrial 
process, stretch blow-moulding of PETP bottles. PETP resins over a broad range of 
molecular weights are suitable materials for uniformly stretched, biaxially oriented 
bottles. Resin viscosity (as well as temperature) directly controls the minimum draw 
ratios that have to be applied in order to obtain uniform bottle wall thickness. 
Smith("') working with polyiosbutylene and SBR vulcanisates showed that: 
a) Under most test conditions, relaxation of stress takes place continuously ie. 
short relaxation times are evident. 
Even in the presence of stress relaxation, the stress strain curve at T>Tg is non- 
ýKe 
linear but, still predictable from statistical theory of rubber-like elasticity. A 
These points identify the two main reasons why there is a non-linear relationship 
between stress and strain. Also Meissner(182)working with a molten, semi-crystalline 
polymer (LDPE at 150'C) found that the stress at different strain rates superimpose at 
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first, but separate as test time is increased. The extent of separation increases with 
strain rate. 
Following on from the work done by Smith('"), Lai and Holt(183,184) examined the 
stress-strain-time relationships for two thermoformable polymers: PMMA j 165*C 
and HIPS at 122'C. The relationship correlated with the sheet formability at the 
thennoforming temperature. 
It was suggested that true flow stress, was related to true strain and time, by the 
following relationship : 
Ktm en 
where cr true stress 
E true strain 
t= time 
m= stress relaxation index 
n= strain hardening index 
A large value of rn would reduce the degree of sheet uniformity whereas a large value 
of n would increase the uniformity in a formed part. 
6.5.3 Results from the Rutherford Elongational Rheometer 
All the blends prepared in section 6.3, were tested using the Rutherford this determined 
their elongational flow behaviour in the thermoelastic region, under the following 
conditions of temperature and strain rate; 
1) Temperatures: 80,95 and 1 IO'C, 
2) Strain rates : 0.1,0.5 and 0.95 sec-1. 
During the test, the true stress and length of the sample were recorded. The true strain 
was calculated from the following equation. 
true strain =I+ 
10 
where I= length 1, 
and 10 = original length 
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True stress versus true strain plots were then Produced so that the effects of the chosen 
variables could be demonstrated. 
Generally the shape of the plots obtained was similar to the representation in Figure 
182. It can be seen that the deformation behaviour can be divided into three types : 
elastic deformation (A), drawing (B) and strain stiffening (C) due to orientation. The 
relative importance of these three will vary with material composition, temperature etc. 
Figure 182 Representation of a true stress vs. true strain curve for PET? and PETP/PC blends 
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6.5-3.1 Effect of PC content on the elongational flow behaviour of 
PETPIPC blends 
Figures 183 to 185 clearly show that at 95'C, (as the PC content increases), the material 
becomes increasingly rigid, resulting in earlier strain stiffening. It has been 
demonstrated(129) that the onset of an abrupt stiffening effect, corresponds to the onset 
of strain-induced crystallisation in PETR Earlier onset of strain stiffening is generally 
a desirable property, as the improved mechanical properties associated with strain- 
induced crystallisation can be achieved at lower strains, a. s long as the force required 
to continue to deform the blend can be generated. This is usually the case with 
processes such as fibre drawing, tape making etc. The addition of PC to PETP 
resulting in earlier strain stiffening, appears therefore to be a desirable effect. This 
occurs for all strain rates (0.1 - 0.95 sec-1) Figures 183-185. 
When the temperature is reduced to 80'C (Figures 186-188) strain stiffening occurs in 
all materials at very low strain levels <100% strain. This suggests that if the required 
225 
force levels could be generated then thermoelastic processing of PETP/PC blends could 
be carried out at 80'C. Figures 186 and 187 suggest that very little can be gained by 
adding PC to PET? in terms of earlier onset of strain stiffening, however, at the higher 
strain rates (0.95 sec-1) the advantage of adding PC even at low levels is more evident 
(Figure 188). 
At I 10'C (Figures 189-19 1) for the PETP/PC blends the increasing rigidity with PC 
content can be clearly seen. It is interesting too that PETP at I 10"C is a very rigid 
material indicating that the B90S has crystallised (thermally) during the preheat period 
of the test. This precrystallisation means that strain stiffening can occur at lower strains 
(at 1 IO'C in pure PETP), in comparison to the blends, where the PC component 
restricts the crystallinity level achieved. 
In PET? tapes and fibres, the properties are derived primarily from the strain-induced 
crystallinity and the addition of PC would mean that crystallisation of this type could 
generally be achieved at low strain levels. This would appear to represent a definite 
advantage for the use of PETP/PC blends in thermoelastic processing. 
Figure 183 Effect of PC content on PETP/PC elongational flow (95*C strain rate 0.1 s-1) 
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Figure 184 Effect of PC content on PETP/PC elongational flow (95C strain rate 0.5 s-1) 
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Effect of PC content on PETP/PC elongational flow (95'C strain rate 0.95 s-1) 
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Figure 186 Effect of PC content on PETP/PC elongational flow (800C strain rate 0.1 s-1) 
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Figure 187 Effect of PC content on PETP/PC elongational flow (80'C strain rate 0.5 s-1) 
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Figure 188 Effect of PC content on PET? /PC elongational flow (800C strain rate 0.95 s-1) 
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Figure189 Effect of PC content on PETP/PC elongational flow (110T strain rate 0.1 s-1) 
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Figure 190 Effect of PC content on PETP/PC elongational flow (I IOT strain rate 0.5 s-1) 
4000 r- 
3500 
3000 
2500 
CL 
U) 2000 
U) 
L 
U) 1500 
L 
1000 
500 
0 
IL 
Y- 
ul 
ul 
w 
L 
41 
U) 
L 
V 
PC content 
El 50% 
A 40% 
v 30% 
23 
True Strain 
20X 
Figure 191 Effect of PC content on PETP/PC elongational flow ( I IO'C strain rate 0.95 s-1) 
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6.5.3.2 Effect of phenoxy on the elongational flow behaviour 
PETPIPC blends 
CL 
Figures 192-194 show that phenoxy does have an effect on the thermoelastic behaviour 
of the B80X blend, if added at levels up to 10%, at 80'C (Figure 192); 10% phenoxy 
appears to delay the strain hardening behaviour. Figures 193 and 194 also show how 
phenoxy increases the available strain (extension) and the stress required to achieve a 
specific strain is reduced ie. strain stiffening is significantly delayed. 
This effect is not a desired one for improvement of mechanical properties in stretch- 
formed products; however it may be of use if products required are thin and where 
mechanical properties are a secondary consideration. 
Figures 195 to 197 show that the effect of phenoxy does vary with PC content and 
temperature. Figure 195 shows that when the temperature is low and the PC content 
high phenoxy does not affect the processability. However, it can be seen in the same 
figure that at low PC levels there is a significant modification in deformation behaviour, 
with the strain- stiffening onset being substantially shifted even at the low temperature. 
Figure 196 shows, that at 95'C, (which is probably near the optimum stretching 
Figure 192 Effect of Phenoxy on the elongational flow of PET? /PC B80X (801C strain rate 0.5 s-1) 
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Figure 193 Effect of Phenoxy on the elongational flow of PET? /PC B80X (95*C strain rate 0.5 s-1) 
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Figure 194 Effect of Phenoxy on the elongational flow of PETP/PC B80X (I IO'C strain rate 
0.5s-1) 
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temperature for PETP/PC blends) the effect of phenoxy is apparent for B90X but is not 
marked. Again, the more rigid material was unaffected by phenoxy addition. 
At the higher temperature (I 10'C) (Figure 197) it can be seen (for the blends with the 
higher PC content) that there is an improvement in elongation flow behaviour. On the 
other hand B90X (with 10% PC) (which had the best elongational flow behaviour at 
this temperature) cannot be improved with addition of phenoxy. 
Effect of Phenoxy on the elongational flow of PET? /pC (80"C strain rate 0.5 s-1) 
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Figure 196 Effect of Phenoxy on the elongational flow of PETP/PC (95C strain rate 0.5 s-1) 
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Figure 197 Effect of Phenoxy on the elongational flow of PETP/PC (I IOIC strain rate 0.5 s-1) 
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6.5.3.3 Effect of temperature on the elongational flow behaviour of PETP and PETPIPC blends 
Figure 198 shows clearly the effect temperature has on elongational flow of pure PETP 
(mentioned previously). It can be seen that at 800C the temperature is sufficiently low 
to prevent the PETP extending significantly before strain-stiffening occurs. At 1 100C 
the PETP is partially crystalline before testing, which gives a similar effect. However 
at 950C, the elongational flow characteristics show the attainment of high strains before 
the onset of strain hardening and deformation-induced crystallisation. This is clear 
evidence that thermoelastic processing of pure PETP should be performed at less than 
950C or alternatively, the samples should be precrystallised, to achieve a similar effect. 
Figures 199 and 200 show that for PETP/PC blends (with lower levels of PC) the 
effect of temperature is very important, as extension increased with temperature and 
strain-stiffening was delayed correspondingly. Precrystallisation of the PETP at 1 10'C 
does not appear to occur in the blends. 
This would suggest that thermoelastic processing of PETP/PC blends with low PC 
levels should be carried out at lower temperatures (-80'C), with or without the addition 
of a compatibiliser (Figure 201). 
Figure 202 indicates that PETP/PC blends with high PC content (-40%) can be 
processed between 80 and 110'C as thermoelastic behaviour is not modified as 
significantly as with the low PC levels. 
235 
0 
U) 
U) 
03 
C- 
4) 
U) 
0) 
C- 
I- 
X 
In U) 
0) L 40 
in 
L 
234567 
True Strain 
Figurel98 Effect of temperature on the elongational flow of PETP B100 (strain rate 0.5 s-1) 
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Figure 199 Effect of temperature on the elongational flow of PET? /PC B80X (strain rate 0.5 s-1) 
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Figure 200 Effect of temperature on the elongational flow of PETP/PC B90X (strain rate 0.5 s-1) 
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Figure 201 Effect of temperature on the elongational flow of PETP/PC + PH B80X +5 PH (strain 
rate 0.5 s-1) 
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Figure 202 Effect of temperature on the elongational flow of PETP/PC B60X (strain rate 0.5 s-1) 
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6.5.3.4 Effect of strain rate on the elongational flow of behaviour of 
PETP and PETPIPC blends 
Figure 203 shows that at 1 10'C the elongational flow behaviour of PETP is unaffected 
by changes in strain rate, over the range 0.1 to 0.95 sec-1. However, at 80'C PET? is 
more sensitive to strain rate (Figure 204) but this is not easily explained, since it might 
be expected that increased strain rates would lead to a stiffer response. Taking into 
account the one noteable exception (Figure 204) all other materials showed similar 
behaviour over the range of strain rates studied (Figures 205-211). 
238 
Figure203 Effect of strain rate on the elongational flow of PETP BIOO (1100Q 
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Figure204 Effect of strain rate on the elongational flow of PETP BIOO (80'C) 
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Figure 205 Effect of strain rate on the elongational flow of PETP/PC B80X (80*C) 
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Figure 206 Effect on strain rate on the elongational flow of PETP/PC + PH B80X +5 PH (800C) 
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Figure207 Effect of strain rate on the elongational flow of PET? /PC B60X (1100C) 
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Figure 208 Effect on strain rate on the elongational flow of PETP/PC B70X (I 10*C) 
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Figure2O9 Effect of strain rate on the elongational flow of PET? /PC B80X (1100C) 
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Figure210 Effect of strain rate on the elongational flow of PETP/PC B90X (110'C) 
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Figure2ll Effect of strain rate on the elongational flow of PETP/PC +PH B80X +5 PH (110-C) 
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6.5.4 Summary - processing of PETP/PC blends in the thermoelastic 
region 
Addition of PC at low levels (10-20%) permits the thermoelastic processing of 
PETP over a wider temperature range, and suggests that significant strain- 
induced crystallisation can be achieved in the PET? -phase at lower strain levels. 
PETP is particularly sensitive to changes in temperature. With temperatures of 
1 10'C and above producing pre-crystallinity that modifies the processibility of 
PETP. 
2) Addition of phenoxy to PETP/PC blends can improve the achievable extension 
within these blends. 
The effect of strain rate on elongational deformation is not very marked. 
However, the effect of temperature changes the strain levels at which strain 
stiffening occurs, especially if pre-crystallisation of PETP occurs in the pre-heat 
period. 
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7 CONCLUSIONS 
1. Background 
Previous work in IPTME has shown that the PETP/PC 80/20 blend exhibits generally 
superior properties when compared to the respective unblended polymers, particularly 
its energy absorbing characteristics. This area needs to be investigated further. 
No previous work had been undertaken to examine the effect of PC on the 
crystallisability of the PETP blend constituent, or on the rheology of the PET`P/PC 
blend system. 
The influence of these interactions on the mechanical properties of blends (of varying 
crystallinity), was therefore the main theme of the studies reported. 
This study involved: 
1) Characterisation of the blends, 
2) Production, characterisation and evaluation of injection moulding PETP/PC 
products, 
3) Simulation of thermoelastic processing of PETP/PC blends. 
2. Processing 
Processing of the PETP/PC blend was carried out as a two stage process. 
Compounding 
Compounding was carried out on a Baker-Perkins MPC/V30 twin screw extruder with 
a purpose-designed set of agitators to produce thorough blending of the PETP and PC 
components. Blends of B90N with 154 (Y) produced an even strand and the melt 
strength was sufficient to allow the strand to be drawn thin enough to use the pelletizer. 
Some of the blends of B90N with 161 (X) produced die swell which caused non- 
uniform strands, these could not be pelletized directly. Blends of B90N with 121 (W) 
produced an acceptable strand, but the melt strength was insufficient to permit use of 
the pelletizer. 
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During compounding, the die head pressure rose with increasing PC molecular weight. 
This would suggest that PC 154 (Y) increased the viscosity of the PETP/PC blends, 
which was subsequently confirmed by capillary rheometry. 
B) Injection moulding 
Moulding was carried out on the BIPEL 130/25 injection moulding machine, all of the 
moulding conditions (except mould temperature) were kept constant, as far as possible, 
throughout the blend series. Injection moulding of the blends was achieved with little 
difficulty, mould temperature (and its influence on PETP crystallinity) was the 
independent variable associated with in-depth studies. 
Characterisation of the PETP/PC blends 
A) Blend composition 
Blend compositions were determined using; 
i) infra-red spectroscopy 
ii) density measurements 
iii) intrinsic viscosity detern-lination 
These methods confirmed the blend compositions to be as-specified. Infra-red 
spectroscopy and intrinsic viscosity results also demonstrated that processing did not 
adversely affect blend molecular weights and that significant transesterification did not 
occur within the blend. 
B) Blend miscibilty 
DMTA data showed that the PETP/PC blend prepared using the compounder was not 
miscible, up to the 85% PETP addition-level. 
C) Effect of PC on the isothermal crystallinity of PETP 
It was shown that PC grades 121 (W) and 154 (Y) had little effect on the crystallisation 
rate of PETP, but the overall levels of crystallinity achieved, particularly at higher 
temperatures, were slightly lower. 
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Interestingly, the blend of B90N with PC 161 (X) achieved rapid crystallisation (of the 
PET? portion) at low temperatures in comparison to the virgin material. However at 
high isothermal crystallisation tempera tures, the PETP in the BX blend remained 
substantially more amorphous compared to pure PETP and the other blends. 
D) Melt rheology of the blends 
When the shear flow behaviour of the blends was examined, B80X exhibited a 
viscosity that was lower than expected from the simple law of mixtures. B80Y had a 
lower shear viscosity at high shear rates, and in general the PETP/PC 80/20 blends 
demonstrated lower shear viscosities than expected from additi'ýty. Not withstanding 
these exceptions however, the shear flow behaviour was consistent with expectation, 
on the basis of the original molecular weights of the constituent polymers. 
4. Characterisation and evaluation of injection moulded PETP/PC 
products 
A) Orientation and residual stress 
A specific and rapid technique has been developed to determine depth-dependent 
orientation in transparent thermoplastics from a single image of a wedge-section. In 
this case, samples were machined from rectangular plaque mouldings. The level of 
orientation in mouldings investigated was very low at the core, and passed through a 
minimum, close to the high shear region at the surface. 
A method to differentiate between residual stress and orientation was practised. This 
showed that the birefringence in the mouldings was primarily related to molecular 
orientation. 
B) Crystallinity in the mouldings 
The crystallinity levels in the PETP/PC mouldings were found to be relatively low 
(<6%), apart from those moulded using a tool temperature of 140'C. Rapid cooling 
(quenching) at the surface resulted in the suppression of PETP crystallisation, whilst 
slow cooling at the core appeared to give the PETP portion in this region an extended 
opportunity to crystalline. It is therefore apparent that the moulded plaques have an 
amorphous, but oriented skin, and a crystallinity gradient through the thickness. 
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Blending PC with PETP had the effect of lowering the level of PETP crystallinity 
compared with the unblended materials. 
Q Morphology of the PETP/PC blend in the injection moulded 
products 
Staining with RuO,, proved an excellent method for improving the contrast between 
PET? and PC phases in the PETP/PC blends. Analysis of the stained sections using 
scanning transmission electron microscopy revealed the two phase nature of the 
blends. This supported the earlier DMA ý- work which identified two glass transition 
temperatures in the blend, indicating general 'immiscibility'. 
The PC nodules in the PETP matrix were usually reasonably well dispersed and had a 
diameter of -lgm. The injection mouldings of B85Y and B80Y exhibit fine well 
dispersed nodules (-0.5gm) of the PC-phase in PETP. 
D) Water uptake of PETP/PC blends 
The state of crystallinity of the mouldings affects water uptake, that is, more crystalline 
samples showed reduced rate and equilibrium levels of water uptake. The rate of water 
uptake was faster and more was absorbed (after six months) when the temperature was 
increased (greater at 70'C than 20'C). However long term immersion in water at 70'C 
causes crystallisation of the PETP portion. This may be a reflection of the reduced 
molecular weight of the PETP due to hydrolysis; a lower molecular weight PETP 
would have a lower T. and could therefore crystallise at a lower temperature, adding to 
the above effect. 
PC samples, aged in hot water at 700C, exhibited environmental stress cracking which 
did not occur in the PETP/PC blends. 
E) Mechanical properties 
The mechanical properties of PETP/PC blends were influenced by the state of PETP 
crystallinity in the blend and appeared thereafter, dependent on blend composition and 
moulding conditions. Tensile and flexural strength, and modulus, increased with 
higher crystallinity levels, while the maximum sustainable force on impact is affected in 
a similar way. However, it is apparent that increasing crystallinity reduces the energy 
absorbing character (toughness) of the blend. 
247 
Generally, the PETPIPC blends exhibited improved toughness, in terms of total energy 
absorbed; this may be a reflection of the PC component restricting the PETP 
crystallinity level. Overall, BY blends were tougher under impact loading conditions; 
this may be a reflection of their morphology, which has the PC-phase present as fine 
well-dispersed nodules. 
There is no evidence that PC molecular weight or content, affects the deflection 
temperature under a load (DTL) (flexural modulus at elevated temperature) of pETp/pC 
blends. 
5) Behaviour of PETP/PC blends in the thermoelastic region 
A) Sample production 
A strip die was designed to produce an extruded shape (directly from the APV 
compound extruder) that was used as a source of strain-free samples for analysis on the 
Rutherford elongational rheometer. A uniform strip necessitated, the development and 
modification of a sizing die. Using the die and this sizing unit a good quality uniform 
strip was processed directly from the compounder in a one-stage operation. 
B) Sample morphology 
'Ibin sections of the strip produced, were examined, after staining with RuO4, using the 
STEM. This work has shown that even when the PC content is as low as 10% in the 
. P. E. TP/PC blend, there are still two distinct phases present. Blends B80X and B80X + 
2.5% phenoxy both have the PC portion as fine, well dispersed nodules. 
Thermoelastic behaviour 
The addition of PC (and phenoxy) to PET? was found to modify thermoelastic 
behaviour. Addition of PC permits the thermoelastic processing of PETP/PC blends 
over a wider temperature range than would be suitable for PETP. The addition of PC 
appears to accelerate the onset of strain-induced crystallisation in the PETP, which 
could have important consequences for property enhancement in uniaxially-oriented 
products (tapes, fibres). 
In addition, if the blend contains phenoxy, the overall extension ratio of the blend in the 
thermoelastic region is increased and the onset of strain-induced crystallisation is 
delayed. 
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The thermoelastic properties appear to be relatively unaffected by changing strain rate, 
over the range of strain rates studied (0.1 to 0.95 sec-1). Increasing temperature, 
however, delays the onset of strain induced crystallisation, which could affect the 
product' s dimensional stability. Increasing the temperature, can also lead to premature 
(thermal) crystallisation of PETP which could accelerate the onset of subsequent strain- 
induced crystallisation. 
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8 Suggestions for further work 
1) The role of the transesterification reaction, (which occur ra4 between PETP and 
PC) in blend miscibility should be studied further. In particular, the effect on 
the glass transition temperature(s) (TO, as measured by DMTA, is worth further 
investigation. The morphology could also be examined, using scanning 
transmission electron microscopy (STEM), since this method could establish if 
the two phase seen in this study was disrupted by transesterification. 
2) The effect of phenoxy resin, or other commercial compatibilisers on the 
rheology of PETP/PC blends in shear flow could be investigated. 
To investigate the effect of commercial compatibilisers on product properties 
relevant to commercial uses : 
Uniaxial deformation-tapes (tensile and tear strength) and fibres (orientation and 
tensile strength), biaxial deformation-bottles (creep, impact puncture, burst 
strength, development of crystallinity) and therrnofom-iing (impact, flexural 
strength and thickness distribution). 
4) The wedge technique used to analyse through-thickness bireftingence, could be 
used as a simple and rapid method to investigate more thoroughly (in all three 
principle dimensions) the effect of injection moulding variables on the stress 
and orientation in injection moulding of transparent polymers. 
5) To look at applications for single-stage compounding tape production, using 
various materials. 
6) It appears that the addition of PC causes greater, and more rapid strain -induced 
crystallisation of PETP on stretching. This could be investigated and lead on to 
a study of the effect of PC level on the properties of PETP/PC products (tapes, 
fibres or stretch blown bottles). 
7) Effect of compatibilisers, which did not appear to work for PETP/PC blends, 
on other polyester combinations such as PBTP/PETP and PBTP/PC- 
8) This study dealt with the solid state isothermal crystallisation of PETP, and the 
effect of PC molecular weight, and level, on it. It would also be of interest to 
250 
examine the effect of PC on isothermal crystallisation of PET? from the melt, 
which has more relevance to injection moulding. 
251 
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Appendix 1 PETP Melinar data 
Property 
Melt viscosity (Pascal seconds), at 2951C 
Intrinsic viscosity (dl/g), equivalent value by 
ICI method 
Density: Bulk (te. M-3) 
: Amoxphous (g. CM-3) 
: Crystalline (g. CM-3) 
Residual Acetaldehyde (ppm) 
Guaranteed Acetaldehyde (ppm) 
Crystallinity (%), measured by density 
Particle size/shape (mm) 
Water content (ppm), as packed 
Melting point (peak) ('Q 
Colour (ICI Digital Colour Meter Units) 
(C. I. E. b value) 
Typical moulding temperature ('Q 
Typical extrusion melt temperature ('Q 
Typical sheet forming temperature (Q 
B90N 
656 
0.82 
0.84 
1.33 
>1.39 
1 
<3 
>50 
(4.5x2.7)x 1.7 
(nominal, oval lace) 
<2000 
253 
<5 
<2.5 
270-280 
TIOOS 
656 
0.82 
0.84 
1.33 
>1.39 
1 
<3 
>45 
(4.5x2.7)x 1.7 
(nominal, oval lace) 
<2000 
253 
<5 
<2.5 
260-280 
80-120 
Appendix 2 
Property Unit Lexan Lexan Lexan 
121 161 154 
Tensile strength, yield MPa 60 60 60 
Tensile strength, break MPa 70 70 65 
Tensile elongation, yield % 7.0 7.0 7.0 
Tensile elongation, break % 120.0 120.0 120.0 
Tensile modulus MPa 2300 2300 2300 
Sec modulus, 1% elongation MEPa 2370* 2370* 
Flexible strength, yield MIN 100 100 100 
Flexible modulus MIN 2500 2500 2500 
Hardness, H358/30 MPa 95 95 95 
Hardness, Rockwell M 10 70 70 
Hardness, Rockwell R 118* 118* 118* 
Taber, CS-17, lkg mg/100cy 10 10 10 
Charpy notch kj/M2 35 35 35 
Izod notch J/m 600 700 650 
Izod notch -40 C J/m 120 125 
Vicat, rate B OC 153 153 153 
Vicat, VST/B/120 OC 150 148 
DTUL, 0.45 MPa OC 137* 137* 143 
DTUL, 1.82 MPa OC 138 138 138 
Thermal conductivity W/m C 0.20 0.20 0.20 
CTE, flow m/m C 7 E-5 7 E-5 7 E-5 
Specific gravity 1.20 1.20 1.20 
Water absorption % 0.10 0.10 0.10 
Water absorption equi % 0.35 0.35 0.35 
Water absorption equi IOOOC % 0.58 0.58 0.58 
Shrink, flow % 0.5-0.7 0.5-0.7 0.5-0.7 
Diel Str 3.2mm kV/mm 15.0 15.0 15.0 
Diel Cons, 50 Hz - 3.00 3.00 3.00 
Diel Cons I MHz - 2.90 2.90 2.90 
Diss Fac, 50 Hz - 0.0009 0.0009 0.0009 
Diss Fac, I MHz - 0.0100 0.0100 0.0100 
Arc Res, Tungsten Sec 114 119 119 
*= USA Data 
Appendix 2 (continued) 
Lexan 121 
Predrying conditions 0C 
Temperature 120 
Time (effective), hours 2-4 
Max moisture content, % 0.02 
Cylinder temperature 
Hopper 60-80 
Rear 260-280 
Middle 270-290 
Front 280 -300 
Nozzle 270 -290 
Melt temperature 280-300 
Mould temperature 80-100 
Lexan 161 
Temperature 120 
Time (effective), hours 2-4 
Max moisture content, % 0.02 
Cylinder temperature 
Hopper 60-80 
Rear 260-280 
Middle 270 -290 
Front 280-310 
Nozzle 270 -290 
Melt temperature 280-310 
Mould temperature 80-110 
Lexan 154 
Temperature 120 
Time (effective), hours 2-3 
Max moisture content, % 0.02 
Cylinder temperature 
Hopper 60-80 
Cylinder Zone 1 280-320 
Zone 2 280-300 
Zone 3 260-280 
Zone 4 260 -280 
Adapter - 
Die temperature 245-290 
Melt temperature 260-280 
Appendix 3 
Torque Calculations 
To convert % torque into torque (Nm) 
p= Pmax X T(%) ss 1w - SSmax 
where P= Power used 
T= Torque 
SS = Screw speed 
Pmax = Maximum power at maximum screw speed 
= 3.1 kw at 500 rpm 
ie. At 70% torque 
p 3.1 xT 
260 
T-00 x 3-00 
p 3.1 x 0.7 x 0.52 
p 1.13Kw 
Then P= 
27cN. T 27N = ss in Radians 60.103 
TPx 60 x 101 
27N 
1.3 x 60 x 
103 
2n 260 
= 41.5 Nm 
Appendix 4 
Abridged technical data : BIPEL 130/25 
General 
Type designation 
International size rating 
Application 
Type of control 
Constructional Features 
Injection unit 
Position 
Design 
Plunger drive 
Rotary Drive 
Clamping unit 
Position 
Design 
Guide 
Number of moulds 
Technical Data 
130/25 
378/130 
General 
Semi automatic and automatic 
Horizontal 
Reciprocating screw 
Hydraulic 
Hydraulic 
Horizontal 
Hydraulic 
4 columns 
One clamping unit for one mould 
Injection unit 
Screw diameter 
Injection pressure (maximum) 
Steplessly variable 
Calculated swept volume 
Screw stroke 
Screw length (TP) ftorn front of feed slot 
Installed injection capacity 
Screw speed steplessly variable 
Driving power 
Number of heating zones 
Number of cooling zones 
Max installed heating capacity on cylinder and nozzle 
'A' screw 
40mm 
190.4 MPa 
194cm 3 
155mm 
680mm 
46.4 kW 
20-250 rpm 
17.4 kW 
4-3 cylinder and I nozzle 
0 
8 kW 
'B' screw 
47mm 
137.9 MPa 
268cM3 
Appendix 4 (continued) 
130/25 Machine 
Clamping Unit 
Additional information 
Maximum injection time for full 0.8 seconds 
stroke 
Nozzle projection TP 44mm 
DST 25mm 
Clamping force (maximum) 
Opening stroke (adjustable) 
Maximum daylight' 
Mould space (min. daylight) 
Size of platens overall 
Space between columns 
1.3MN 
435mm 
665mm 
230mm 
620 x 660mm 
395 x 375mm 
Minimum clamp force 0.59MN 
Opening force 89kN 
Fast closing speed 750mm/s 
Fast opening speed 750mm/s 
Ejector type Hydraulically operated 
Ejector force 38kN 
Ejector stroke 115mm 
Drive 
Driving power of main motor 22kW 
Operating pressure of hydraulic 12MPa 
system 
Dry cycle time 2 seconds 
Total installed power 34.5kW 
Additional information 
Intensified pressure for clamping 26.3MPa 
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Appendix 7 
To calculate % crystallisation for'PETP/PC blends. 
Area under the crystallisation peak =A J/g. 
In the blend only the PETP portion contributes to the crystallisation peak and therefore 
needs correcting to account for blend ratio. 
ie. A,.,, -A F 
where F= Weight fraction of PETP eg. 0.75 for PETP/PC 75/25 etc. 
Once A,.,, is known, it is possible to calculate % crystallinity, if the heat of fusion 
(100% crystalline PETP (AHfj00)) is known. 
(AHfjoo) = 122 J/g. 
% crystallinity = 
k"' 
, 22 x loo 
Appendix 8 
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Appendix 9 Calculation of crystallinity level in samples after 
long-term water immersion 
Samples were heated in the differential scanning calorimeter from room temperature to 
3000C at 200C/min. 
, i, - 
AHr AHrtaHinity= All 
The enthalpy of crystallisation, then has to be corrected for the relative PETP level ie. 
85/15 PETP/PC has 0.85 relative PETP content. 
Thus AH, = 
AH,. 
tallinity 
PETP,,,. 
To calculate % crystallinity, it is therefore necessary to divide through, by the heat of 
fusion of 100% crystalline PETP (AW100). 
AHf, oo = 122 J/g 
Mcorr % crystallinity = myloo x 100 
